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Chapter 1: Introduction 
 
The products of the fatty acid and polyketide synthesis systems are among the building 
blocks of life. Fatty acids form biological membranes and act as energy storage compounds 
(Maier et al., 2006), whereas the broad array of polyketide natural products have important 
medicinal activities such as antibiotics and anticancer agents (Staunton and Weissman, 2001). 
Recently, the fatty acid and polyketide synthesis systems were proposed as potential plat-
forms for the biorenewable chemical industry (Nikolau et al., 2008). 
Acyl-CoA carboxylases (ACCs) and ketoacyl synthases (KSs) are two important 
enzymes in the fatty acid synthesis and polyketide synthesis systems. ACCs carboxylate 
acetyl-coenzyme A (acetyl-CoA) to produce malonyl-CoA. After conversion of malonyl-
CoA to malonyl-acyl carrier protein (ACP) by acyltransferase catalysis, KSs catalyze the 
addition of malonyl-CoA to an acyl chain to make the chain two carbon atoms longer. This 
critical step makes the fatty acid chain grow to a variety of carbon atom lengths. Moreover, 
the polyketide synthesis system shares similar chemistry and similar structures with the fatty 
acid synthesis system. 
Researchers have studied ACCs and KSs for a long time. There are tens of thousands of 
amino acid sequences (primary structures) and hundreds of three-dimensional (tertiary) 
structures of these enzymes available on public databases such as GenBank (Benson et al., 
2005) and the Protein Data Bank (PDB) (Rose et al., 2011). Nevertheless, classification of 
ACCs and KSs, along with the other enzymes of the fatty acid and polyketide synthesis 
systems, by their primary and tertiary structures had not been fully done. Such classification 
should cast new light in these enzyme groups in terms of their catalytic mechanisms, active 
sites, and substrate specificities. This provides the knowledge base to engineer enzymes with 
novel substrate specificities. It will also contribute to the long-term goal of the National 
Science Foundation Center for Biorenewable Chemicals (CBiRC) of obtaining various 
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biorenewable chemicals. 
Thus, we constructed a new database to classify thioester-active enzymes (ThYme) by 
their primary and tertiary structures (Cantu et al., 2011). ThYme, as its name suggests, 
includes the enzymes working on thioester-containing substrates. It covers eight enzyme 
groups: the acyl-CoA synthases, ACCs, acyltransferases, KSs, hydroxyacyl dehydratases, 
enoyl reductases, and thioesterases, and one noncatalytic protein group, the acyl carrier 
proteins, in the fatty acid and polyketide synthesis systems. The ThYme database will be a 
useful tool to the research groups who are interested in the FAS/PKS systems. 
This thesis presents the results of structurally classifying the ACCs and KSs. This 
includes the classification protocols to separate enzymes into families and subfamilies, the 
contents within each family and subfamily, and further observations and conclusions. 
The literature review in Chapter 2 presents the current knowledge about the fatty acid and 
polyketide synthesis systems, especially for ACCs and KSs. It also includes the current tech-
niques of enzyme classification and our methods to classify the enzymes by their primary and 
tertiary structures. Chapter 3 is a published paper about the classification and properties of 
KSs (Chen et al., 2011). Chapter 4 presents the classification and contents of ACCs and 
pyruvate carboxylases. This chapter was not published as a whole, but the part of the chapter 
about the biotin carboxyl carrier protein (BCCP) domains of ACCs was published (Chen et 
al., 2012). This is because Lombard and Moreira (2011) published a similar paper about the 
ACCs, except for the BCCP part, as our research was in progress. Finally, Chapter 5 has the 
conclusions and the direction of future work. 
This study could not have been done without the help of several others. In Chapter 3, the 
undergraduate students Erin E. Kelly, Ryan P. Masluk, and Charles L. Nelson produced 
phylogenetic trees of subfamilies for the five KS families, KS1 to KS5, that I had defined 
along with David C. Cantu. Erin did the trees for KS2, KS4, and KS5. Ryan produced the 
tree for KS1, and Charlie did it for KS3, while I analyzed the data and wrote the paper. In 
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Chapter 4, I defined the four ACC families, again along with David, based on the biotin 
carboxylase (BC), BCCP, carboxyl transferase domain α (CT), and carboxyl transferase 
domain β (CT) domains (appearing as the BC1, BCCP1, CT2, and CT1 families, respec-
tively, in ThYme). Armando Elizondo-Noriega did a great job in the preliminary research of 
ACC family classification, and Yu Gao produced the BC subfamily tree. I produced the 
phylogenetic trees for the CT, CTand BCCP subfamilies. During the whole project, Dr. 
Peter J. Reilly and David Cantu gave me many valuable suggestions and Dr. Reilly edited my 
writing. 
Finally, I contributed to and helped to publish two more papers as second author. In a 
paper on thioesterase classification (Cantu et al., 2010), I did the literature review and wrote 
the catalytic residues and mechanisms part. In the ThYme database paper (Cantu et al., 2011), 
David and I worked together to automate the BLAST process and write the family identifi-
cation protocol. 
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Chapter 2: Literature Review 
 
Fatty acid and polyketide synthesis 
Fatty acids play critical roles in various life forms such as bacteria, animals, plants, and 
fungi. They constitute membranes and act as energy storage compounds (Maier et al., 2006). 
A fatty acid is a carboxylic acid with a long unbranched chain, generally from four to 28 
carbon atoms, produced by the fatty acid synthesis (FAS) system. Fatty acids are important 
source of energy because they release large quantities of ATP when metabolized. Further-
more, they form biological membranes and messenger substances (Maier et al., 2006). The 
natural products of the parallel polyketide synthesis (PKS) system have a variety of medicin-
al activities, including antitumor, antimicrobial, and immunosuppressive properties (Khosla 
et al., 1999; Staunton and Weissman, 2001). FAS and PKS systems were recently proposed 
as a bio-based platform to functionally replace the traditional petro-based platform in 
producing biorenewable chemicals (Nikolau et al., 2008). 
The FAS system is composed of a series of enzymatically-catalyzed reactions (Figure 1). 
The FAS cycle generally starts with acetic acid, to which coenzyme A (CoA) and ATP are 
added with acyl-CoA synthase (ACS) catalysis to form acetyl-CoA, AMP, and inorganic 
diphosphate ion. Acetyl-CoA is carboxylated by acyl-CoA carboxylase (ACC) to make 
malonyl-CoA, which usually is converted to malonyl-acyl carrier protein (ACP) by an acyl 
transferase (AT). Next, ketoacyl synthase (KS) condenses acyl-ACP with malonyl-ACP to 
form ketoacyl-ACP, two carbon atoms longer than the initial acyl-ACP. Then ketoacyl 
reductase (KR), hydroxyacyl dehydratase (HD), and enoyl reductase (ER) catalyze sequential 
reduction, dehydration, and reduction reactions to remove the keto group more distant from 
ACP. Free fatty acids are produced when thioesterase (TE) catalyzes hydrolysis of the 
thioester bond between the acyl group and ACP. 
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Figure 1. The fatty acid synthesis system. ACS: acyl-CoA synthase; ACC: acyl-CoA 
carboxylase; KS: ketoacyl synthase; AT: acyltransferase; KR: ketoacyl reductase; HD: 
hydroxyacyl dehydratase; ER: enoyl reductase; TE: thioesterase. 
 
The PKS system shares many similarities with the FAS system in terms of its chemistry, 
precursors, and structures (Smith and Tsai, 2007). However, this system produces a broad 
array of natural products, whereas the FAS system is specialized to produce saturated fatty 
acids (Figure 2). 
In nature, the FAS and PKS systems exist in several forms. Type I FAS/PKS systems 
consist of multi-domain enzymes, which include all the catalytic components in one multi-
functional protein, whereas type II systems are composed of several freestanding monofunc-
tional enzymes. Type I FASs and PKSs are found in bacteria, plants, animals, and fungi. 
Type II FASs are found in bacteria, mitochondria, and chloroplasts, while type II PKSs are 
usually found in prokaryotes (Smith and Tsai, 2007). PKSs exist in an additional form, type 
III, where they retain a simple architecture and act iteratively (Shen, 2003). Type III PKSs 
are usually found in bacteria and plants (Austin and Noel, 2003). 
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Figure 2. General reaction scheme for the fatty acid and polyketide synthesis systems. 
Enzyme classification 
Enzymes can be classified by several different methods. The Enzyme Commission 
system (NC-IUBMB, 1992) classifies enzymes according to the chemical reactions that they 
catalyze. This functional classification is accomplished by a four-number nomenclature. The 
first number, from one to six, denotes the general functions as oxidoreductases, transferases, 
hydrolases, lyases, isomerases, and ligases, respectively. The second to fourth numbers spec-
ify the enzyme’s function in more and more detail. For example, EC 2.3.1.41 is β-ketoacyl-
acyl-carrier-protein synthase I, one type of KS. In this case, the first number indicates the 
enzyme’s general function as a transferase. EC 2.3 refers to one class of transferases – 
acyltransferases. EC 2.3.1 denotes enzymes that transfer groups other than amino-acyl groups. 
Finally, EC 2.3.1.41 is the 41st of a list of 198 enzymes under EC 2.3.1 that are acyltransfer-
ases that transfer groups other than amino-acyl groups (NC-IUBMB, 1992). The EC number 
is a widely accepted way of enzyme classification. However, enzymes are not assigned EC 
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numbers until their functions are determined. 
Several other databases classify enzymes based on their primary and tertiary structure 
similarities, and our ThYme database is one of them. The Pfam database (Punta et al., 2012) 
uses a multiple sequence alignment to produce a Hidden Markov Model (HMM) profile. The 
HMM profile is used to search the UniProt database (UniProt Consortium, 2008) to gather 
similar sequences into families, and then into clans. Pfam incorporates a large variety of 
enzymes. The SCOP database (Murzin et al., 1995; Andreeva et al., 2007) groups enzymes 
into families, superfamilies, folds, and classes. Other databases focus on certain enzyme 
groups. For example, CAZy (Cantarel et al., 2009) specializes on carbohydrate-active 
enzymes, including glycoside hydrolases and glycosyltransferases. MEROPS (Rawlings et 
al., 2012) focuses on peptidases using similar methods as the databases mentioned above. 
ThYme, the Thioester-active enzYmes database, specializes in enzymes involved in the 
FAS and PKS systems. At the time of writing, ThYme had over 250,000 amino acid sequen-
ces, including 1255 PDB entries. It is a helpful tool to derive mechanisms, active sites, and 
tertiary structures, since they are usually conserved within each family. It also helps to reveal 
the evolutionary relationships among enzymes, since enzymes within each family are be-
lieved to be closely related to each other, whereas enzymes from the same clan but from 
different families may have more distant common ancestors. 
The sequence similarities within one family in ThYme are greater, compared to other 
databases that cover part of the enzymes in ThYme, although ThYme has a smaller scope. 
Thus, ThYme has a more subtle family classification than do Pfam and SCOP (Cantu et al., 
2010). This is good because it enables us to infer the mechanisms and active sites within each 
family, while they are not always conserved within Pfam and SCOP families. 
Acyl-CoA synthases 
ACSs are ligases that form thioester bonds, usually between acyl chains and CoA. They 
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catalyze the very first step in the fatty acid or polyketide synthesis cycles to produce acetyl-
CoA as the precursor for the following reactions. ACSs are part of EC 6.2.1 (acid-thiol 
ligases), as classified by the Enzyme Commission (NC-IUBMB, 1992). 
ACSs are divided into five families in ThYme based on the comparison of their amino 
acid sequences and three-dimensional structures. ACS1, one of the largest families in ThYme, 
has over 40,000 sequences. The enzymes in ACS1 possess twelve different EC numbers, 
such as EC 6.2.1.1 (acetate-CoA ligases), EC 6.2.1.2 (butyrate-CoA ligases), EC 6.2.1.12 (4-
coumarate-CoA ligases), and EC 6.2.1.26 (o-succinylbenzoate-CoA ligases). This family has 
an acetyl-CoA synthase-like fold, according to the SCOP database (Murzin et al., 1995; 
Andreeva et al., 2007), with four domains: the first and second domains share the same α/β 
fold, followed by a β-barrel domain and another α/β fold. 
ACS2 and ACS3 enzymes are primarily part of EC 6.2.1.14 (6-carboxyhexanoate-CoA 
ligases) and EC 6.2.1.22 ([citrate (pro3S)-lyase] ligases), respectively. There is no available 
tertiary structure for either of them. ACS4 are mainly EC 6.2.1.30 (phenylacetate-CoA 
ligases), and their tertiary structures have six units of α/β/α structures. ACS5 members are 
classified by three EC numbers: EC 6.2.1.4 (succinate-CoA ligases (GDP-forming)), EC 
6.2.1.5 (succinate-CoA ligases (ADP-forming)), and EC 6.2.1.9 (malate-CoA ligases). ACS5 
enzymes have a flavodoxin-like fold, which consists of three layers of α/β/α structures and a 
parallel β-sheet of five strands. 
Bacteria are the dominant producers of all five ACS families. ACS1 and ACS5 members 
are from bacteria, eukaryota, and archaea. Bacteria and archaea produce ACS2 and ACS4 
enzymes, while ACS3 enzymes are exclusively from bacteria. 
Acyl-CoA carboxylases 
ACCs are found in all forms of life. The carboxylated products that they catalyze are the 
extender units for fatty acid and polyketide biosynthesis (Diacovich et al., 2004). 
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ACCs are biotin-dependent enzymes that form new carbon-carbon bonds. They consist of 
four enzyme groups: acetyl-CoA carboxylases (EC 6.4.1.2), propionyl-CoA carboxylases 
(EC 6.4.1.3), methylcrotonoyl-CoA carboxylases (EC 6.4.1.4), and geranoyl-CoA carboxy-
lases (EC 6.4.1.5). Figure 3 shows the reaction scheme catalyzed by acetyl-CoA carboxyl-
ases. The other enzymes catalyze similar two-step reactions and share the same mechanism. 
 
 
 
 
 
Figure 3. Acetyl-CoA carboxylase’s two-step reaction scheme. 
ACCs have three functional domains: biotin carboxylase (BC), biotin-carboxyl carrier 
protein (BCCP), and carboxyltransferase (CT). BCCP is not a catalytic domain as are BC and 
CT, but instead it is a structural domain that acts as a swinging arm between the other two 
(Waldrop et al., 1994). First, the biotin held by BCCP is carboxylated by the BC domain. 
Then the BCCP together with the carboxylated biotin swings to the CT domain and carboxy-
lates the latter. The CT domain transfers the carboxyl group to the substrate to produce the 
corresponding products (Nikolau et al., 2003). 
The three functional ACC domains are found in one or more polypeptide chains. The 
domain organization may differ in the four different acyl-CoA carboxylases, and it may also 
differ in the same enzyme from different organisms. In fungi, mammals, and plant cytosols, 
all three domains of acetyl-CoA carboxylases are found in one chain, called the homomeric 
form (Choi-Rhee et al., 2003), while acetyl-CoA carboxylases from prokaryotes are found in 
four separate chains, called the heteromeric form (Nikolau et al., 2003; Sasaki and Nagano, 
2004). Furthermore, propionyl-CoA carboxylases, methylcrotonoyl-CoA carboxylases, and 
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geranoyl-CoA carboxylases usually have two chains: BC and BCCP on one chain, and CT on 
the other chain (Song et al., 1994; Guan et al., 1999; McKean et al., 2000). 
Each functional domain (BC, BCCP, and CT) was isolated to compare their primary and 
tertiary sequences separately. Both BCs and BCCPs have only one family in ThYme, 
whereas CTs have two families, CT1 and CT2, corresponding to their CTβ and CTα domains, 
respectively. 
BC1 chains have two folds: a preATP-grasp domain and a barrel-sandwich hybrid fold, 
corresponding to N-terminal and C-terminal BC domains, respectively. BCCP1 members 
have a barrel-sandwich hybrid fold, which is a sandwich of half-barrel-shaped β-sheets. CT1 
and CT2 chains have the same clpP/crotonase fold, which is a (β/β/α)4 superhelix. 
Acyl transferases 
ATs catalyze the conversion of acyl-CoA to acyl-ACP, and the reverse reaction as well. 
ATs include EC 2.3.1.38, [acyl-carrier-protein] S-acetyltransferases, and EC 2.3.1.39, [acyl-
carrier-protein] S-malonyltransferases. Some of these are independent enzymes, and others 
are the catalytic domains of multidomain enzymes such as fatty acid synthases and polyket-
ide synthases. 
ATs are essential in fatty acid or polyketide synthesis, because acyl-CoA cannot be catal-
yzed by KAS I or KAS II enzymes (members of KS3 in ThYme) unless it is converted to 
acyl-ACP (Tsay et al., 1992). 
At the time of writing, all available ATs have similar primary and tertiary structures. 
Thus ATs have only one family in the ThYme database. Family AT1 includes the freestand-
ing malonyl-CoA:ACP transferases, and also the AT domain in large multimodular enzymes 
such as fatty acid synthases, polyketide synthases, and non-ribosomal peptide synthases. AT1 
members have a FabD/lysophospholipase-like fold, which includes one layer of an of α/β/α 
structure and a mixed β-sheet of six strands. 
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Ketoacyl synthases 
KSs are the enzymes that catalyze the condensing reaction of acyl-CoA or acyl-ACP with 
malonyl-CoA or malonyl-ACP. This reaction is an important step in the fatty acid elongation 
cycle, since it adds two carbon atoms to the fatty acid chain. Figure 4 is the typical KS 
reaction catalyzed by β-ketoacyl-ACP synthase III. KSs also catalyze the reactions of other 
activated molecules in the polyketide synthesis cycle to produce diverse products. KSs 
consist of twenty entries out of 187 under EC 2.3.1, acyl transferases transferring groups 
other than amino-acyl groups. 
Figure 4. A typical KS reaction. The reaction is catalyzed by β-ketoacyl-ACP 
synthase III (EC 2.3.1.180). 
KSs are classified into five families, KS1 to KS5, according to their amino acid sequen-
ces and three-dimensional structure similarities. The details can be found in Chapter 3 of this 
thesis, also published as a journal article (Chen et al., 2011). Most KS1 members are 3-
ketoacyl-ACP synthase III’s (FabHs), and they catalyze the initiating condensation reaction 
to produce acetoacetyl-ACP from acetyl-CoA (Qiu et al., 1999). KS2 enzymes consist of 2-
ketoacyl-CoA synthases, fatty acid elongases, and very long chain fatty acid condensing 
enzymes. KS3 enzymes are composed of 3-ketoacyl-ACP synthase I and II molecules (FabBs 
and FabFs, respectively), and the KS domain of large multi-modular fatty acid synthases or 
polyketide synthases. Chalcone synthases and stilbene synthases are the dominant enzymes 
in KS4, while the KS5 family has a majority of elongation of very long chain fatty acid 
enzymes. Bacteria are the dominant producers of KS1 and KS3 enzymes, while KS2, KS4, 
and KS5 members are mainly from eukaryota. All five KS families were further separated 
into subfamilies to explore the KS diversities. KS1 to KS5 families have 12, 10, 14, 10, and 
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11 subfamilies, respectively. The details are covered in Chapter 3. 
The teritary structures of KSs are well conserved among KS1, KS3, and KS4 members. 
There are no known tertiary structures for KS2 and KS5 enzymes, since these families are 
composed of membrane-complexed proteins that are difficult to isolate and crystallize. 
Furthermore, tertiary structures of KS1, KS3, and KS4 members are similar to each other, 
having the same five-layer α-β-α-β-α pattern (Chen et al., 2011), called a thiolase-like fold 
(Huang et al., 1998).  
Ketoacyl reductases 
KRs catalyze the reversible reaction that reduces a carbonyl group to an alcohol in the 
acyl chain, or vice versa. KRs are mainly composed of nine enzyme groups: six of them are 
from EC 1.1.1, oxidoreductases acting on the CH-OH group of donors with NAD
+
 or NADP
+
 
as acceptors, and three are from EC 1.3.1, oxidoreductases acting on the CH-CH group with 
NAD
+
 or NADP
+
 as acceptors. 
KRs are divided into four families, KR1 to KR4, by their primary and tertiary structure 
similarities (Cantu et al., 2012a). At the time of writing, KR1 was the largest family in the 
ThYme database, containing over 58,000 sequences. The members of this family have 
diverse functionalities, consisting of EC 1.1.1.35 (3-hydroxyacyl-CoA dehydrogenases), EC 
1.1.1.36 (acetoacetyl-CoA reductases), EC 1.1.1.100 (3-oxoacyl-ACP reductases), EC 
1.1.1.178 (3-hydroxy-2-methylbutyryl-CoA dehydrogenases), EC 1.3.1.10 (enoyl-ACP 
reductases), EC 1.3.1.34 (2,4-dienoyl-CoA reductases), and EC 1.3.1.38 (trans-2-enoyl-CoA 
reductases). 
KR2 members are mainly 3-hydroxyacyl-CoA dehydrogenases and also dehydrogenase 
domains of anaerobic or aerobic bacterial fatty acid oxidation complexes, called FadJ and 
FadB, respectively (Campbell et al., 2003). Both KR3 and KR4 enzymes are ketoacyl-ACP 
reductases of FASs or PKSs. 
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KR1, KR3, and KR4 family members have the same NAD(P)-binding Rossmann fold 
(Rao and Rossmann, 1973), which consists of six parallel β-strands connected to two pairs of 
α-helices. KS2 enzymes have 6-phosphogluconate dehydrogenase-like C-terminal folds. 
KR1 and KR2 enzymes are from bacteria, eukaryota, and archaea, with bacteria being the 
dominant producers. Bacteria and eukaryota produce ACS3 and ACS4 enzymes, with eukar-
yota being the primary producers of the former and bacteria producing most of the latter. 
Hydroxyacyl dehydratases 
The alcohol group in the acyl chain is then dehydrated by HD catalysis to a double bond. 
HDs in the ThYme database cover mainly six enzyme groups under EC 4.2.1, the hydro-
lyases, based on the Enzyme Commission classification. 
Eight HD families were generated based on their primary and tertiary structures (Cantu et 
al., 2012a). HD1 members are mainly enoyl-CoA hydratases (EC 4.2.1.17) and hydroxyacyl-
ACP dehydratases (EC 4.2.1.59 to EC 4.2.1.61). HD2 enzymes consist of enoyl-CoA hydrat-
ases, methylglutaconyl-CoA hydratases (EC 4.2.1.18), and 3-hydroxybutyryl-CoA dehydrat-
ases (EC 4.2.1.55). HD3 members are mainly 3-hydroxydecanoyl-ACP dehydratases (EC 
4.2.1.60), 3-hydroxypalmitoyl-ACP dehydratases (EC 4.2.1.61), and 3α,7α,12α-trihydroxy-
5β-cholestanoyl-CoA hydratases (4.2.1.107). Most HD5 and HD6 members are 3-hydroxy-
decanoyl-ACP dehydratases. HD7 enzymes are generally hydroxyacyl-ACP dehydratases, 
while HD8 members are primarily hydroxyacyl-CoA dehydratases. No EC numbers have yet 
been assigned to sequences in HD7 and HD8. 
Bacteria are the main producers of HD1 and HD2 members, while some enzymes are 
from archaea and eukaryota. HD3, HD4, HD6, and HD7 members are from both bacteria and 
eukaryota, whereas HD5 enzymes are exclusively from bacteria and all HD8 family members 
come from eukaryota. 
HotDog folds are the prevalent tertiary structures for HDs, since five HD families (HD1 
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and HD3 to HD6) have them. HD2 has the ClpP/crotonase folds, whereas HD7 and HD8 
have no known tertiary structures. 
Enoyl reductases 
ERs reduce the double bond in the acyl chain to a single bond to provide the substrate of 
TEs for the last reaction in the fatty acid or polyketide synthesis cycle. ER enzymes in 
ThYme are from four enzyme groups, according to the EC numbers assigned to them. They 
are EC 1.3.1.9 (enoyl-ACP reductases (NADH)), EC 1.3.1.10 (enoyl-ACP reductases 
(NADPH, B-specific)), EC 1.3.1.34 (2,4-dienoyl-CoA reductases), and EC 1.3.1.38 (trans-2-
enoyl-CoA reductases). 
There are five ER families in ThYme, ER2 to ER6, ER1 having been merged into KR1 
(Cantu et al., 2012a). Bacteria and eukaryota are the two main producers for all ER families, 
while archaea also produce a small number of ER4 and ER6 enzymes. ER2 members are 
mainly enoyl-ACP reductases (NADH), with NAD(P)-binding Rossmann folds. Both the 
ER3 and ER4 families have enoyl-ACP reductases (NADPH, B-specific) of NAD(P)-binding 
Rossmann folds as well. The ER5 family includes trans-2-enoyl-CoA reductases and enoyl-
ACP reductases (NADPH, B-specific), with the GroES-like fold. ER6 enzymes consist of 
enoyl-ACP reductases (NADH) and 2,4-dienoyl-CoA reductases, which have TIM (β/α)8 
barrel folds consisting of eight α-helixes and eight parallel β-strands (Wierenga, 2001). 
Thioesterases 
TEs catalyze the last step in the FAS and PKS systems, the hydrolysis of the thioester 
bond between the sulfur atom of CoA or ACP and the carbonyl group of a fatty acid or 
polyketide. This reaction determines the fatty acid chain length and produces free fatty acids 
or polyketides as the final products. The fatty acid chain length can vary from four to sixteen 
carbon atoms, and different TEs have different preferences for substrate chain length speci-
ficity. 
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The Enzyme Commission classified TEs as EC 3.1.2, thioester hydrolases, with members 
from EC 3.1.2.1 to EC 3.1.2.29, less three deleted entries. Among the 26 remaining enzymes, 
17 have CoA-containing substrates, two have substrates containing ACP, four have sub-
strates with glutathione or related compounds, one has ubiquitin-containing substrates, and 
two have other substrates. 
TEs were classified into 23 families based on their primary and tertiary structure similar-
ities (Cantu et al., 2010). Since then, two more families have been added to ThYme. Twelve 
TE families were further classified into four clans of four, three, three, and two families, clan 
members having more distant common ancestors than family members do. Bacteria are the 
most prevalent producers of 20 TE families, while eukaryota are the dominant producers of 
the remaining five families. Archaea also produce TEs, but archaeal TEs are not dominant in 
any of these TE families. 
TE1 to TE13 contain all acyl-CoA hydrolases; however, different families have different 
preferred substrate specificities. For instance, TE1 members prefer acetyl-CoA as their sub-
strate, TE13 members attack short and medium-chain acyl-CoAs, and TE2 and TE5 enzymes 
prefer long-chain acyl-CoAs. TE14 to TE19 members are acyl-ACP hydrolases. TE20 and 
TE21 enzymes are protein-acyl hydrolases. TE22 and TE23 members are glutathione hydro-
lases, and enzymes in TE24 and TE25 are mainly uncharacterized. 
TEs have two main tertiary structures. One is the HotDog fold (TE4 to TE15), which has 
antiparallel β-strands wrapping around α-helixes (Dillon and Bateman, 2004). The other is 
the α/β-hydrolase fold (TE2, TE16 to TE22), which consists of β-strands alternating with α-
helixes (Ollis et al., 1992). 
TE14, a family of acyl-ACP hydrolases, was further separated into ten subfamilies by 
phylogenetic analysis (Jing et al., 2011). Subfamilies A to C are from plants, subfamily D is 
from algae, and subfamilies E to J are from bacteria. This phylogenetic study helped to iden-
tify TE14 sequences of experimental interest, and 31 proteins from different TE14 subfam-
  
17 
111
111 
ilies were selected for product characterization based on the phylogenetic tree. Among them, 
seven acyl-ACP TEs prefer C8 acyl chains, eleven enzymes have broad-range specificities, 
and thirteen TEs attack C14 to C18 acyl chains. The experimental results suggested that 
subtle changes in amino acid sequences might change TE substrate specificities (Jing et al., 
2011). 
Acyl carrier proteins 
ACPs are small molecules containing 70 to 100 residues, being either freestanding or 
parts of multimodular fatty acid synthases or polyketide synthases. They are essential 
cofactors for the fatty acid and polyketide biosynthesis systems. The internal serine residue in 
ACPs is connected to a phosphopantetheine group, and the latter is linked to all fatty acid or 
polyketide intermediates through a thioester bond (Chan et al., 2010). 
ACPs were classified into 16 different families, ACP1 to ACP17 with ACP14 deleted, 
according to their amino acid sequence and three-dimensional structure similarities (Cantu et 
al., 2011). Ten ACP families are mainly (three families) or exclusively (seven families) from 
bacteria. Five families are produced only by eukaryota and one family is primarily from 
eukaryota. Archaea produce ACPs in two families, but archaeal ACPs are not a large part of 
either family. 
ACPs in different families have different roles. For instance, ACP1 to ACP3 are proteins 
related to the FAS system. ACP1 proteins are freestanding molecules, whereas ACP2 and 
ACP3 members are part of multimodular fatty acid synthases. ACP4 to ACP11 are related to 
the PKS system, where ACP4 and ACP5 proteins are freestanding, and ACP6 to ACP11 
members are multimodular. ACP12 and ACP13 have ACP domains in isochorismatases and 
enterobactin synthases. ACP14 was merged into ACP10 and no longer exists. ACP15 and 
ACP16 contain freestanding ACPs active with malonate decarboxylases and with citrate 
lyases, respectively. ACP17 members are D-alanyl carrier proteins (Cantu et al., 2012b). 
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ACP1, ACP5, ACP10, and ACP17 members share the same ACP-like fold, which has 
four antiparallel helices. ACP2 molecules, which comprise one domain in yeast fatty acid 
synthases, have four more helices than the structures in other families (Leibundgut et al., 
2007). 
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Abstract:  
Ketoacyl synthases (KSs) catalyze condensing reactions combining acyl-CoA or acyl-
acyl carrier protein (ACP) with malonyl-CoA to form 3-ketoacyl-CoA, or with malonyl-ACP 
to form 3-ketoacyl-ACP. In each case the resulting acyl chain is two carbon atoms longer 
than before, and CO2 and either CoA or ACP are formed. KSs also join other activated 
molecules in the polyketide synthesis cycle.  
Our classification of K by their primary and tertiary structures instead of by their 
substrates and the reactions that they catalyze enhances insights into this enzyme group. KSs 
fall into five families separated by their characteristic primary structures, each having 
members with the same catalytic residues, mechanisms, and tertiary structures.  
KS1 members, overwhelmingly named 3-ketoacyl-ACP synthase III or its variants, are 
produced predominantly by bacteria. Members of KS2 are mainly produced by plants, and 
they are usually long-chain fatty acid elongases/condensing enzymes and 3-ketoacyl-CoA 
synthases. KS3, a very large family, is composed of bacterial and eukaryotic 3-ketoacyl-ACP 
synthases I and II, often found in multidomain fatty acid and polyketide synthases. Most of 
the chalcone synthases, stilbene synthases, and naringenin-chalcone synthases in KS4 are 
from eukaryota. KS5 members are all from eukaryota, most are produced by animals, and 
they are mainly fatty acid elongases. All families except KS3 are split into subfamilies whose 
members have statistically significant differences in their primary structures. KS1 through 
KS4 appear to be part of the same clan. KS sequences, tertiary structures, and family 
classifications are available on the continuously updated ThYme (Thioester-active Enzyme) 
database. 
Keywords:  
chalcone synthase, fatty acid elongase, ketoacyl synthase, oxoacyl synthase, phylogeny, 
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primary structure, stilbene synthase, tertiary structure, ThYme 
Broader audience statement:  
The mechanistically and metabolically important ketoacyl synthase group of enzymes has 
been divided into five families generally distinct from each other in producing species, amino 
acid sequence, reaction mechanism, catalytic amino acids, and sometimes in the reactions 
that they catalyze. The families can be further split into subfamilies whose members have 
statistically significant differences in their amino acid sequences. 
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Introduction 
Ketoacyl synthases (KSs) (more officially 3-oxoacyl synthases and also known as -ketoacyl 
synthases) are the condensing enzymes that catalyze the reaction of acyl-coenzyme A (acyl-
CoA) or acyl-acyl carrier protein (acyl-ACP) with malonyl-CoA, malonyl-ACP, or occasion-
ally other substrates. This reaction is a key step in the fatty acid synthesis cycle, as in general 
it adds two carbon atoms to growing acyl chains (Figure 1). KSs exist as individual enzymes; 
in addition KS domains are found in multi-modular enzymes such as fatty acid synthases 
(FASs) and polyketide synthases (PKSs) (Smith and Tsai, 2007).
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The fatty acid synthesis cycle and the enzyme groups that are part of it. 
ACC: acetyl-CoA carboxylase; ACS: acyl-CoA synthase; AT: acyl transferase; ER: 
enoyl reductase; HD: hydroxyacyl dehydratase; KR: ketoacyl reductase; KS: ketoacyl 
synthase; MKS: methylketone synthase; TE: thioesterase. SX: Coenzyme A or acyl 
carrier protein. Reprinted from Cantu DC, Chen Y, Lemons ML, Reilly PJ (2011). 
ThYme: A database for thioester-active enzymes. Nucleic Acids Res 39: D342–D346 
with permission of Oxford University Press. 
We have gathered KS amino acid sequences (primary structures) and three-dimensional 
(tertiary) structures, along with those of other members of the fatty acid synthesis cycle, into 
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the continually updated ThYme (Thioester-active enzYme) database (Cantu et al., 2010 and 
2011). In doing this, we divided each of these enzyme groups into different families based on 
their primary structural differences. In general, single families contain enzyme members that 
are related to each other by primary and tertiary structure and mechanism, suggesting that 
they have a common ancestor. Sometimes members of different families are sufficiently 
related by primary and tertiary structures and by mechanism that they can be classified as 
part of a clan, implying that they are descended from a more distant common ancestor. 
Furthermore, we can divide members of a single family into subfamilies by more subtle 
primary structural differences. 
This article is an account of our division of KSs into families, the gathering of some of 
the families into clans, and the separation of families into subfamilies. We have done this so 
that, with the help of known KS crystal structures, mechanisms, and substrate specificities, 
we could rationally predict the properties of KSs according to the phylogenetic trees that we 
constructed, and so that we could logically choose KSs to produce and study. Furthermore, 
we have related properties of KSs with the families in which they are located. 
A number of small-scale phylogenetic trees of KSs have already been built. An early tree 
based on seven tertiary structures showed that ketoacyl-ACP synthase from Synechocystis 
and Escherichia coli ketoacyl-ACP synthases I and II are very similar, as are Saccharomyces 
cerevisiae degradative thiolase and Zoogloea ramigera biosynthetic thiolase. More distant 
from each other and from the other two groups are alfalfa chalcone synthase and E. coli 
ketoacyl-ACP synthase II (Moche et al., 2001). A phylogenetic tree of 18 known Arabidopsis 
ketoacyl-CoA synthases and putative genes has been produced to identify these moieties in 
putative enzymes (Blacklock et al., 2006).
 
A phylogenetic study of 40 β-ketoacyl-ACP 
synthase III enzymes showed that those produced by bacteria (proteobacteria, firmicutes, and 
bacteroidetes) and an apicomplexans protist species are widely separated from those 
produced by monocots, dicots, diatoms, cyanobacteria, and red and green algae (González-
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Mellado et al., 2010). Phylogeny of mainly mamalian elongases, but with a few from fungi 
and other eukaryotes, has been published (Leonard et al., 2004). A detailed tree of protozoal 
and animal fatty acid elongases as part of a much less detailed tree of elongases from many 
different phyla has also appeared (Fritzler et al., 2007). Lee et al. (2007) assembled a tree of 
elongases from protozoa parasites and a few yeasts. Finally, polyunsaturated fatty acid 
elongases, mainly from marine protists, algae, and diatoms, but including those from a few 
vertebrates, are found in a phylogenetic tree constructed by Iskandarov et al. (2009).
 
Family identification 
Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) and multiple sequence 
alignment (MSA) were used to classify KSs into different families based on primary 
structure similarities, while crystal structure superpositions and root mean square (RMSD) 
calculations were used on tertiary structures. More complete descriptions of these methods 
are found in the Supporting Information of an earlier article.
2 
The query sequences used for BLAST were KSs with evidence at protein level in the 
UniProt database (UniProt Consortium, 2008), ensuring that families are based on sequences 
with experimental data. Twenty of 187 entries in Enzyme Commission (EC) 2.3.1 (NC–
IUBMB, 1992) are KSs, but four of them have no sequences with evidence at protein level, 
leaving query sequences to be retrieved from the UniProt database for the remaining 16 EC 
numbers. Only the KS catalytic domain of each enzyme, obtained from the Pfam database 
(Finn et al., 2010), was used. If no Pfam entry appeared, then a hidden Markov model built 
using HMMER 3.0 (Durbin et al., 1998) was employed to find the KS catalytic domain. 
BLAST (version 2.2.19) was downloaded and used to populate families with sequences 
related to the queries in the non-redundant (nr) protein sequence database (NCBI, 2011), 
using an E-value of 0.001. A script automated successive BLAST runs. 
MSAs with MUSCLE 3.6
 
(Edgar, 2004) and ClustalX 2.0.12 (Larkin et al., 2007) using 
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default parameters were conducted on a sample of sequences from each potential family or 
between different potential families, to determine whether the former should be split or 
whether the latter should be merged. 
The KS catalytic domains of all KS crystal structures in each family, obtained from the 
RCSB Protein Data Bank (Rose et al., 2011), were superimposed in MultiProt (Shatsky et al., 
2004). Then, using MATLAB (The MathWorks, Inc., 2011), the RMSDs of the distances 
between -carbon atoms of different tertiary structures were calculated (Cantu et al., 2010). 
Tertiary structures of enzymes in the same family differ in size and number of -carbon 
atoms. Therefore Pave values, indicating the average percentage of -carbon atoms compared, 
were also recorded. Furthermore, superimposed tertiary structures were visually checked 
using PyMOL (Schrödinger, 2011).
 
Subfamily identification 
All subfamilies except KS3, a very large family (see below), were identified as follows. 
MSAs of the KS catalytic domains of all sequences in each family were constructed using 
MUSCLE 3.6. Phylogenetic trees were made using MEGA 4.1 or 5.0 (Tamura et al., 2007). 
They are based on the minimum evolution method (Nei and Kumar, 2000), using complete 
deletion of sequences, a range of 250 to 1000 bootstrap iterations, and Jones-Taylor-
Thornton (JTT) model values (Jones et al., 1992). The number of bootstrap iterations was 
established on a family-by-family basis, the iteration number being reduced in some cases 
primarily to save computational time while still maintaining an adequate level of rigor in 
constructing trees of the larger KS subfamilies. 
After the phylogenetic tree was complete, subfamilies were chosen based on the visual 
divergence of one cluster from another, as justified by bootstrap values (Nei and Kumar, 
2000). These manually chosen subfamilies were then subjected to statistical tests to 
determine each subfamily’s z-value (Mertz et al., 2005) with respect to another’s. The z-value 
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is defined as: 
 
 
where subscripts i and j denote subfamilies i and j,  denotes the JTT distance, σ denotes the 
variance, and n denotes the number of data points for each  point. This z-value determines 
the likelihood that a certain subfamily is part of another (the higher the z-value, the less likely 
that two subfamilies overlap). The minimal z-value necessary for every subfamily pairing 
was 3.33, equivalent to a 0.001 probability of two subfamilies being grouped together in a 
two-tailed test. 
To refine each subfamily, an MSA of its sequences was made after adding three to five 
out-group sequences from the subfamily with the highest z-value. Individual subfamily trees 
were constructed using MEGA 4.1 or 5.0, with tree construction based on the minimum 
evolution method using pair-wise deletion of sequences, 1000 bootstrap iterations, and JTT 
distance matrix values. These parameters were used for all KS subfamilies regardless of the 
bootstrap value used to construct the initial family tree. The subfamily trees were visually 
inspected to ensure that the out-group sequences appeared as roots. If this were not so, the 
subfamily was modified by either removing sequences clustered near the out-group sequen-
ces or splitting it into two distinct subfamilies. JTT distance values were computed for the 
refined subfamilies with respect to all other subfamilies. Once this was complete, z-values 
were then calculated for these refined subfamilies, and they were compared with the z-values 
before refinement. The procedure was repeated until the required criteria were met. 
At the time of testing, KS3 had many more sequences (9,585) than the other four KS 
families (~3,000 or fewer each). MUSCLE 3.6 created an MSA through seven iterations, 
short of complete convergence, evidently caused by the high number of sequences. This 
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alignment was passed to FastTree (Price et al., 2010) rather than to MEGA to create a 
cladogram.  
Ketoacyl synthase families and subfamilies 
Based on these techniques, KSs are divided into five families, totaling at present over 20,000 
sequences (Table I). 
 
KS1 
Nearly all KS1 members are produced by bacteria, with a few formed by eukaryota and only 
one from an archaeon.
3
 The dominant enzyme in this family is 3-ketoacyl-ACP synthase III, 
also called 3-oxoacyl-ACP synthase III and -ketoacyl-ACP synthase III, which is denoted 
by EC 2.3.1.180 and whose characteristic reaction is malonyl-ACP + acetyl-CoA  
acetoacetyl-ACP + CO2 + CoA (Table II). However, many sequences named this way are 
instead labeled EC 2.3.1.41, standing for 3-ketoacyl-ACP synthase I, whose characteristic 
reaction is malonyl-ACP + acyl-ACP 3-ketoacyl-ACP + CO2 + ACP, with the product 3-
ketoacyl-ACP molecule two carbon atoms longer than the reactant acyl-ACP molecule. 
KS1 is divided into twelve statistically significant subfamilies (Table S1A, with all tables 
and figures denoted by S found in the Supporting Information) consisting of KSs (over-
whelmingly 3-ketoacyl-ACP synthases III) produced only by bacteria, except those in 
Subfamily 1C, which are produced by cyanobacteria and plants (Table III). Of 2308 aligned 
KS1 sequences, 128 are outliers. Phylogenetic trees of the twelve subfamilies are found as 
Figures S1A to S1L. 
KS1 subfamilies have members produced by one to three bacterial phyla (Table III). 
When members of a single subfamily are produced by bacteria in more than one phylum, 
some phyla (actinobacteria, firmicutes) contain gram-positive bacteria and others (bacter-
oidetes, fusobacteria, proteobacteria) contain gram-negative bacteria. 
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KS2 
All KS2 enzymes are from eukaryota, with nearly all from plants. 3-Ketoacyl-CoA synthas-
es, fatty acid elongases, very long-chain fatty acid condensing enzymes, and acyltransferases 
are the most common enzymes in this family. Some are defined as EC 2.3.1.119 (Table II), 
but the general characterization as EC 2.3.1.– is much more common. 
KS2 can be divided into ten subfamilies (Tables IV, S1B, and S2). All but one subfamily 
are composed of enzymes from plants, specifically streptophyta (Table IV), while that one 
(Subfamily 2J) has representatives produced by amoeboza and dinoflagellata. All but 
Subfamily 2D have members named as above (although most sequences are undefined); that 
one has a majority of fiddlehead enzymes. 
 
KS3 
KS3 is the largest KS family, containing at present approximately 13,000 sequences. KSs 
here include the KS domains of large multimodular enzymes such as FASs and PKSs. Many 
different enzymes are included in this family, but the largest number of members are 3-keto-
acyl-ACP synthases I and II and undifferentiated PKSs, with EC 2.3.1.41 and EC 2.3.1.179 
as the most common EC numbers (Table II). Bacteria produce most KS3 members; eukaryota 
are substantial producers, and a few KS3 enzymes are of archaeal origin. 
Due to the large number of sequences and the program being used, division of the KS3 
family into smaller groups had to be carried out by hand from the FastTree cladogram. After 
controlled sampling, 14 groups were defined, with groups being composed of sequences pro-
duced by single or several phyla and usually being composed of a preponderance of enzymes 
with similar names (Tables V and S3). 
Group 3A members are produced overwhelmingly by actinobacteria, with a large 
majority named as PKSs (Table V). Group 3B members, on the other hand, have a mixture of 
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names and come from mainly cyanobacteria and proteobacteria. Members of the three 
smaller groups 3C, 3D, and 3E are composed of a mixture of enzymes and are from animals, 
protozoa, and fungi, respectively. Group 3F sequences are from several bacterial phyla and 
have been designated with a number of names. In contrast, enzymes in 3G are overwhelm-
ingly named 3-ketoacyl-ACP synthase I and II and are produced by proteobacteria. Group 3H 
has enzymes with several names from a number of protozoal and animal phyla. The three 
small groups 3I, 3J, and 3K contain 3-ketoacyl-ACP synthases from fungi, plants, and 
proteobacteria, respectively, while Group 3L members are named 3-ketoacyl-ACP synthase 
II and PKS and come from several bacterial phyla. Finally, Groups 3M and 3N have mainly 
PKSs from fungi and bacteria, respectively. 
KS4 
A large fraction of KS4 enzymes are from eukaryota, while the remaining ones are from 
bacteria. They are classified as chalcone synthases, stilbene synthases, PKSs, and naringenin-
chalcone synthases, and overwhelmingly those that have EC numbers are listed as EC 
2.3.1.74 (Table II). 
There are ten subfamilies in KS4 (Tables VI, S1C, and S4). Subfamilies 4A–4C are made 
up of plant (streptophytal) enzymes, with members of 4D being produced by actinobacteria 
and phaeophyceae (brown algae), 4E coming from ascomycotal fungi, and 4F–4J being 
enzymes from various bacterial phyla (Table VI). Subfamily 4A has many more sequences 
than the other subfamilies. All subfamilies except 4B have a wide variety of synthases; 4B, 
on the other hand, is composed almost exclusively of chalcone synthases. 
KS5 
KS5 members are all from eukaryota, and most are produced by animals. Those that are 
characterized are almost exclusively fatty acid elongases and elongation of very long chain 
(ELOVL) fatty acid proteins. At present none has an EC number corresponding to an 
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elongase. 
KS5 has twelve subfamilies (Tables VII, S1D, and S5). These subfamilies often have 
members from several phyla over a wide spectrum (Table VII). Only Subfamily 5B has most 
of its enzymes with names more specific than the two listed above; that subfamily is popul-
ated almost exclusively by fatty acid-CoA elongases. A number of vertebrates produce 
Subfamily 5C ELOVL1 or ELOVL7 enzymes. Insect and vertebrate ELOVL4 enzymes are 
found in Subfamily 5F. Subfamily 5G has many vertebrate polyunsaturated fatty acid 
elongases, some ELOVL5 enzymes, and a few ELOVL2 enzymes. Polysaturated fatty acid 
elongases from a number of phyla are also found in Subfamily 5H. Some vertebrate 
ELOVL6 enzymes occur in Subfamily 5K. In mammals, ELOVL1, 3, and 6 catalyze the 
elongation of saturated and monounsaturated long-chain fatty acids, while ELOVL2, 4, and 5 
elongate polyunsaturated long-chain fatty acids (Jakobsson et al., 2006).
 
Correspondence with earlier ketoacyl synthase phylogenetic trees 
Of the seven enzymes arranged in a phylogenetic tree by Moche et al. (2001), E. coli 
ketoacyl-ACP synthases I and II and Synechocystis sp. ketoacyl-ACP synthase II are found in 
KS3, alfalfa chalcone synthase is in KS4, and E. coli ketoacyl-ACP synthase III is located in 
KS1. S. cerevisiae degradative thiolase and Z. ramigera biosynthetic thiolase are not KSs, 
although they also have thiolase-like folds and slight sequence similarity with the KSs in the 
tree. The relative distances among the different KSs in this work are similar to those found 
by Moche et al. 
The 20 A. thaliana KSs arranged by Blacklock and Jaworski (2006) all appear to be part 
of KS2. 
All 40 of the 3-ketoacyl-ACP synthase III proteins classified by González-Mellado et al. 
(2010)
 
are found in KS1. The enzymes produced by eudicots, monocots, diatoms, and 
cyanobacteria are all in Subfamily 1C, mostly in the same order as in Figure S1C. The other 
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bacterial enzymes and the one protist enzyme are in various other KS1 subfamilies, as are the 
four algal proteins. 
The mammalian elongases arranged by Leonard et al. (2004) are found in KS5, 
Subfamilies 5F, 5G, and 5K, with fungal elongases in Subfamilies 5H and 5J. All protozoal 
and animal fatty acid elongases in the tree published by Fritzler et al.
 
(2007) are located in 
KS5, Subfamily 5K. Also found in KS5, Subfamily 5K, are most of the protozoal parasite 
elongases arranged by Lee et al., (2007) although a few from yeast are in Subfamily 5J. 
Finally, many protist, algal, and diatom polyunsaturated fatty acid elongases are found in 
Subfamily 5H, with related vertebrate enzymes in Subfamily 5G (Iskandarov et al., 2009).
 
KS kinetic patterns 
Of the four KS families whose members have assigned EC numbers, KS1 and KS3 members 
use malonyl-ACP as a chain-elongating agent, while KS2 and KS4 enzymes use malonyl-
CoA (Tables I and II). KS1, KS2, and KS4 members add these to acyl-CoA moieties, while 
KS3 members add them to acyl-ACP molecules. The fatty acid elongases in KS5, so far 
without EC numbers, condense malonyl-CoA with acyl-CoA (Jakobsson et al., 2006).
 
Although KSs of various types have 20 EC entries, only five comprise the great majority 
of enzymes gathered by using BLAST with query sequences taken from enzymes with 
evidence at protein level (Table I). These numbers, assigned by groups working on KSs, are 
EC 2.3.1.41 (3-ketoacyl-ACP synthase I), EC 2.3.1.74 (naringenin-chalcone synthase), EC 
2.3.1.119 (icosanoyl-CoA synthase), EC 2.3.1.179 (3-ketoacyl-ACP synthase II), and EC 
2.3.1.180 (3-ketoacyl-ACP synthase III) (NC–IUBMB, 1992). The reactions that they 
characteristically catalyze are shown in Table II. These factors suggest that KS1 and KS3 
contain enzymes that catalyze elongating reactions specific to short to long acyl chain 
lengths, while enzymes in KS2 and KS5 elongate longer acyl chains, and KS4 enzymes 
specifically produce chalcones and related molecules. Moreover, KS2 enzymes are produced 
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almost exclusively by plants and KS5 enzymes come mainly from animals. 
Ketoacyl synthase crystal structures 
All known tertiary structures of members of KS1, KS3, and KS4 have thiolase-like folds 
(Figure 2), with five layers of α-β-α-β-α structure (Huang et al., 1998). KS2 and KS5 
presently have no crystal structures (Cantu et al., 2011). KS1 has 38 crystal structures, with 
an RMSDave values obtained by superposition of these structures of 1.22 Å and a Pave value 
of 82.7%. The corresponding values for KS3 are 71 structures, 1.42 Å, and 67.5%, while 
those for KS4 are 41 structures, 1.18 Å, and 93.2%. 
Crystal structures from KS1, KS3, and KS4, one from each family, were superimposed 
(Figure 2). The RMSD of the superimposed structures is 1.96 Å, with a Pave of 68.5%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Superimposed KS crystal structures. KS1 (yellow): 1EBL from Escherichia 
coli -ketoacyl-ACP synthase III; KS3 (cyan): 2QO3 from Saccharopolyspora 
erythraea DEBS 2; KS4 (pink): 1Z1E from Arachis hypogaea stilbene synthase. 
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Ketoacyl synthase catalytic residues and mechanisms 
Based on crystal structures and consistent with previous results with thioesterases (Cantu et 
al., 2010), catalytic residues are well conserved within KS1, KS3, and KS4 (Table VIII). This 
leads us to assume that all members of a family have the same ping-pong kinetic mechanism 
(Plowman et al., 1972), using cysteine, histidine, and either histidine or asparagine as a 
catalytic triad. 
Cysteine, histidine, and asparagine form the catalytic traid in KS1. Qiu et al. (1999) 
proposed that Cys112 in E. coli -ketoacyl-ACP synthase III (PDB entry 1HN9) donates a 
proton to His244 and attacks acetyl-CoA. Then malonyl-ACP is attached to His244 and 
Asn274 to be decarboxylated, forming a carbanion. Finally, the carbanion attacks the acetyl 
moiety to form acetoacetyl-ACP. 
In KS2, mutagenetic analysis of Arabidopsis FAE1 -ketoacyl-CoA synthase strongly 
suggested that it shares the same ping-pong mechanism and putative Cys-His-Asn/His 
catalytic residues as members of KS1, KS3, and KS4, but in this case joining malonyl-CoA 
with a long-chain acyl-CoA (Ghanevati et al., 2002). Although no crystal structure is yet 
available to provide confirmation, it appears that the catalytic residues are Cys223, His391, 
and Asn424, congruent with the identity and spacing of the catalytic residues in the other 
three families (Table VIII). No NADPH was necessary for wild-type enzyme activity, 
indicating that EC 2.3.1.119 is an incorrect designation for this enzyme family (Tables I and 
II). 
The KS3 active site has a Cys-His-His triad (Table VIII). In Streptococcus pneumoniae 
KASII (2ALM), acyl-ACP transfers its acyl moiety to Cys164. It is proposed that a water 
molecule activated by His303 then attacks malonyl-ACP to form a carbanion. His337 also 
stabilizes the malonyl moiety. Last, the carbanion attacks the acyl moiety and forms -
ketoacyl-ACP (Zhang et al., 2006).
 
KS4 members have a Cys-His-Asn catalytic triad, the same as KS1 members (Table 
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VIII). The chalcone synthase/stilbene synthase superfamily catalyzes the same acyl transfer, 
decarboxylation, and condensation steps as KS1, plus further cyclization and aromatization 
reactions before it forms the final chalcone product (Austin and Noel, 2003).
 
Little is yet known about the catalytic mechanism of KS5 enzymes. It appears that no 
catalytic amino acid residues have yet been identified. MSAs have identified conserved 
histidine and asparagine residues, the former however in a membrane-spanning region 
(Leonard et al., 2007), but no conserved cysteine residues (Figure S2). 
 
Ketoacyl synthase clans 
Although amino acid sequences of members of different families may completely or almost 
completely differ from each other, if their crystal structures, catalytic residues, and mechan-
isms are conserved, they could be part of the same clan, maybe having a distant common 
ancestor. 
KS1, KS2, and KS4 have some members whose sequences are similar. Furthermore, the 
tertiary structures of members of KS1, KS3, and KS4 may be superimposed (Figure 2), with 
their presumed catalytic residues in the same positions (Figure 3). Furthermore, their second-
ary structure elements are found in the same order, although with some gaps (Table IX). 
 
 
 
 
Figure 3. Superimposed KS active 
sites. KS1 (yellow): 1EBL from 
Escherichia coli -ketoacyl-ACP 
synthase III; KS3 (cyan): 2QO3 from 
Saccharopolyspora erythraea DEBS 2; 
KS4 (pink): 1Z1E from Arachis 
hypogaea stilbene synthase.  
 
Bottom left: cysteine; bottom right: 
histidine; top: asparagine or histidine. 
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KS1, KS2, KS3, and KS4 members have similar catalytic triads, indicating that they 
catalyze essentially the same basic reaction by the same or a similar mechanism. Thus these 
four families fall into one clan. There is no indication at present that KS5 enzymes are part of 
this clan; more specifically, the fatty acid elongases in KS2, nearly all from higher plants, 
and those in KS5, mainly from animals and almost none from plants, appear not to be related. 
Conclusions 
The over 20,000 primary structures of the KSs have been sorted into five families, separated 
by different amino acid sequences and by the characteristic reactions that they catalyze. Four 
of the families (KS1–KS4) appear to be part of one clan because of their slight similarities of 
primary structure and strong similarities of secondary structure element orders, tertiary 
structures, placement and identity of catalytic residues, and implied mechanisms. Four of the 
families (KS1, KS2, KS4, and KS5) have been further split into ten to twelve subfamilies 
each by their statistically significant differences in primary structure. Sequences of the fifth 
family (KS3) has been separated manually into fourteen groups based on the organisms that 
produce them and sometimes by the reactions that they catalyze. This information should be 
useful to researchers in choosing specific KSs to study further. 
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Table I. Ketoacyl Synthase Families and Common Names of their Members 
 ________________________________________________________________________________________________________ 
Family Producing Dominant EC numbers Dominant enzyme names 
 organisms 
 ________________________________________________________________________________________________________ 
KS1 A, B, E 2.3.1.41, 2.3.1.180 3-Ketoacyl-ACP synthase III 
KS2 E 2.3.1.–, 2.3.1.119 3-Ketoacyl-CoA synthase, fatty acid elongase, very long-chain fatty 
   acid condensing enzyme 
KS3 A, B, E 2.3.1.41, 2.3.1.179 3-Ketoacyl-ACP synthase I and II, KS domain of FAS or PKS 
KS4 B, E 2.3.1.74 Chalcone synthase, stilbene synthase, naringenin-chalcone synthase 
KS5 E — Elongation of very long-chain fatty acid protein, fatty acid elongase 
 ________________________________________________________________________________________________________ 
a
 A, archaea; B, bacteria; E, eukaryota. Most prevalent producers bolded. 
4
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Table II. Ketoacyl Synthases Commonly Found in ThYme 
 ________________________________________________________________________________________________________ 
EC number Enzyme name Catalyzed reaction 
 ________________________________________________________________________________________________________ 
2.3.1.41 β-Ketoacyl-ACP synthase I Malonyl-ACP + acyl-ACP 3-ketoacyl-ACP + CO2 + ACP 
2.3.1.74 Naringenin-chalcone synthase 3 Malonyl-CoA + 4-coumaroyl-CoA  naringenin chalcone + 3 CO2 + 4 CoA 
2.3.1.119 Icosanoyl-CoA synthase Malonyl-CoA + stearoyl-CoA + 2 NAD(P)H + 2 H
+
 icosanoyl-CoA+ 2 NAD(P)
+
 
  + CO2 + CoA + H2O 
2.3.1.179 β-Ketoacyl-ACP synthase II Malonyl-ACP + (Z)-hexadec-11-enoyl-ACP  (Z)-3-oxooctadeca-13-enoyl-ACP 
  + CO2 + ACP 
2.3.1.180 β-Ketoacyl-ACP synthase III Malonyl-ACP + acetyl-CoA  acetoacetyl-ACP + CO2 + CoA 
 __________________________________________________________________________________________________ 
 
4
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Table III. Number of Sequences and Phyla of Producing Species within KS1 Subfamilies 
 __________________________________________________________________________ 
Subfamily Number Dominant phyla 
 __________________________________________________________________________ 
1A 375 Proteobacteria 
1B 139 Proteobacteria 
1C 108 Cyanobacteria, Streptophyta 
1D 112 Bacteroidetes 
1E 289 Actinobacteria, Proteobacteria 
1F 286 Firmicutes, Fusobacteria, Proteobacteria 
1G 41 Bacteroidetes 
1H 63 Firmicutes 
1I 143 Firmicutes, Proteobacteria 
1J 196 Firmicutes, Proteobacteria 
1K 208 Bacteroides, Firmicutes, Proteobacteria 
1L 217 Actinobacteria, Firmicutes, Proteobacteria 
 __________________________________________________________________________ 
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Table IV. Number of Sequences and Phyla of Producing Species 
 within KS2 Subfamilies 
 _______________________________________________________ 
Subfamily Number Dominant phyla 
 _______________________________________________________ 
2A 44 Streptophyta 
2B 30 Streptophyta 
2C 48 Streptophyta 
2D 35 Streptophyta 
2E 28 Streptophyta 
2F 25 Streptophyta 
2G 23 Streptophyta 
2H 34 Streptophyta 
2I 50 Streptophyta 
2J 23 Amoebozoa, Dinoflagellata 
 _______________________________________________________ 
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Table V. Number of Sequences and Phyla of Producing Species within KS3 Groups 
 __________________________________________________________________________ 
Group Number Dominant phyla 
 __________________________________________________________________________ 
3A ~1310 Actinobacteria 
3B ~920 Cyanobacteria, Proteobacteria 
3C ~170 Arthropoda, Chordata 
3D ~50 Amoebozoa 
3E ~505 Ascomycota 
3F ~1255 Actinobacteria, Firmicutes, Proteobacteria 
3G ~1385 Proteobacteria 
3H ~100 Amoebozoa, Arthropoda, Chordata, Echinodermata, 
  Euglenozoa, Placozoa 
3I ~70 Ascomycota 
3J ~100 Streptophyta 
3K ~415 Proteobacteria 
3L ~2145 Actinobacteria, Firmicutes, Proteobacteria, and other 
  bacterial phyla 
3M ~450 Ascomycota 
3N ~715 Actinobacteria, Proteobacteria 
 __________________________________________________________________________ 
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Table VI. Number of Sequences and Phyla of Producing Species within KS4 Subfamilies 
 __________________________________________________________________________ 
Subfamily Number Phylum 
 __________________________________________________________________________ 
4A 938 Streptophyta 
4B 85 Streptophyta 
4C 39 Many bacterial phyla 
4D 16 Actinobacteria, Phaeophyceae 
4E 19 Ascomycota 
4F 10 Actinobacteria, Proteobacteria 
4G 30 Actinobacteria, Proteobacteria 
4H 11 Bacteroidetes 
4I 27 Acidobacteria, Actinobacteria, Proteobacteria 
4J 35 Actinobacteria, Firmicutes, Proteobacteria 
 __________________________________________________________________________ 
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Table VII. Number of Sequences and Phyla of Producing Species within KS5 Subfamilies 
 __________________________________________________________________________ 
Subfamily Number Phylum 
 __________________________________________________________________________ 
5A 110 Arthropoda 
5B 40 Arthropoda 
5C 43 Chordata, Echinodermata, Platyhelminthes 
5D 39 Arthropoda 
5E 49 Arthropoda 
5F 48 Arthropoda, Chordata 
5G 78 Chordata, Cnidaria 
5H 22 Several phyla of diatoms, brown algae, green algae, 
  protozoa, and higher plants 
5I 10 Ascomycota 
5J 107 Ascomycota, Basidiomycota 
5K 150 Many phyla of protists, diatoms, dinoflagellates,  
  protozoa, brown algae, and lower and higher animals 
 __________________________________________________________________________ 
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Table VIII. Catalytic Residues of Ketoacyl Synthase families 
 ________________________________________________________________________________________________________ 
Family Producing organism Gene Catalytic residues
a
 PDB file 
 ________________________________________________________________________________________________________ 
KS1 Escherichia coli fabH Cys112, His244, Asn274 1EBL, 1HND, 1HNH, 1HNJ, 1HNK 
KS1 Pseudomonas aeruginosa pqsD Cys112, His257, Asn287 3H76, 3H77, 3H78 
KS1 Staphylococcus aureus fabH Cys112, His238, Asn268 1ZOW 
KS2 Arabidopsis sp. FAE1 Cys223, His391, Asn424 — 
KS3 E. coli fabB Cys163, His298, His333 1FJ4, 1FJ8 
KS3 Homo sapiens OXSM Cys209, His348, His385 2IWY, 2IWZ 
KS3 Mycobacterium tuberculosis kasB Cys170, His311, His346 2GP6 
KS3 M. tuberculosis kasA Cys171, His311, His345 2WGD, 2WGE, 2WGF, 2WGG 
KS3 Saccharomyces cerevisiae FAS2 Cys1305, His1542, His1583 2PFF, 2UV8 
KS3 Saccharopolyspora erythraea eryA Cys199 2HG4 
KS3 S. erythraea eryA Cys202, His337, His377 2QO3 
KS3 Streptococcus pneumoniae fabF Cys164, His303, His337 1OX0, 1OXH, 2ALM 
KS3 Thermus thermophilus fabF Cys161, His301, His338 1J3N 
 _______________________________________________________________________________________________________ 
5
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 ________________________________________________________________________________________________________ 
Family Producing organism Gene Catalytic residues
a
 PDB file 
 ________________________________________________________________________________________________________ 
KS4 Aloe arborescens — Cys174, His316, Asn349 2D3M, 2D51, 2D52 
KS4 Arachis hypogaea — Cys164, His303, Asn338 1Z1E, 1Z1F 
KS4 Medicago sativa CHS Cys164, His303, Asn336 1JWX 
KS4 M. tuberculosis — Cys175, His313, Asn346 1TED, 1TEE 
KS4 Neurospora crassa — Cys152, His305, Asn338 3E1H, 3EUO, 3EUQ, 3EUT 
KS4 Pinus sylvestris — Cys164, His303, Asn336 1U0U 
KS4 Rheum palmatum Bas Cys157, His296, Asn329 3A5Q, 3A5R, 3A5S 
KS4 Streptomyces coelicolor — Cys138, His270, Asn305 1U0M 
 ________________________________________________________________________________________________________ 
a
 With one exception, catalytic residues were gathered from literature associated with the listed PDB structures. Those for KS2 
came from a mutagenesis study. 
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Table IX. Secondary Structure Elements of Ketoacyl Synthase Families 
 _____________________________________________________________ 
Family  Secondary structural element
a
 
 _____________________________________________________________ 
KS1 –            –     –  – –      –   
KS3 –  –   – –             – –        
KS4             –     –           
 _____________________________________________________________ 
a
 : -helix; : -strand. 
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Chapter 4: Classification of acyl-CoA and pyruvate carboxylases by 
their primary and tertiary structures 
Yingfei Chen, Armando Elizondo-Noriega, Yu Gao, David C. Cantu, and Peter J. 
Reilly 
Department of Chemical and Biological Engineering, Iowa State University, Ames, IA 
50011, USA 
Partly published as Y. Chen, A. Elizondo-Noriega, D. C. Cantu, and P. J. Reilly. 
Structural classification of biotin carboxyl carrier proteins. Biotechnol. Lett., DOI 
10.1007/s10529-012-0978-4 (2012). 
Abstract 
Biotin-dependent carboxylases are ligases that form carbon-carbon bonds. They include 
pyruvate carboxylases, various acyl-CoA carboxylases, and other related carboxylases. They 
share similar functional domains: biotin carboxylase (BC), biotin carboxyl carrier protein 
(BCCP), and carboxyl transferase (CT) domains. Each functional domain was isolated from 
biotin-dependent carboxylases and classified into families according to their primary and 
tertiary structures, which can be found on the ThYme database (www.enzyme.cbirc.iastate. 
edu). The BC domain only has one family, BC1, indicating that all available BC sequences 
and tertiary structures are similar. All BCCP primary and tertiary structures are part of family 
BCCP1. The CT domain has two families, CT1 representing the CT domain and CT2 repre-
senting the CT domain. Surprisingly, the CT domain has three types of tertiary structures, 
where the N-terminal and C-terminal parts of the three types could be overlapped separately, 
but not as the whole structures. Phylogenetic trees of representative sequences were construc-
ted to classify each family into subfamilies. 
Keywords: Acetyl-CoA carboxylase, acyl-CoA carboxylase, BLAST, geranoyl-CoA 
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carboxylase, methylcrotonoyl-CoA carboxylase, propinoyl-CoA carboxylase, phylogeny, 
pyruvate carboxylase, tertiary structure. 
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Introduction 
Class 1 biotin-dependent carboxylases and related enzymes that form bonds between 
carbon atoms include pyruvate carboxylase (EC (Enzyme Commission) 6.4.1.1, PYC), 
acetyl-CoA carboxylase (EC 6.4.1.2, ACC), propionyl-CoA carboxylase (EC 6.4.1.3, PCC), 
methylcrotonoyl-CoA carboxylase (EC 6.4.1.4, MCC), geranoyl-CoA carboxylase (EC 
6.4.1.5, GCC), acetone carboxylase (EC 6.4.1.6), 2-oxoglutarate carboxylase (EC 6.4.1.7), 
and acetophenone carboxylase (EC 6.4.1.8) (NC-IUBMB, 1992) (Table 1). Except for 
acetone carboxylase, they have the same mechanism (Wood and Barden, 1977; Knowles, 
1989), and they catalyze similar reactions, using ATP, HCO3
–
, and a specific acceptor 
substrate to produce ADP, inorganic phosphate (Pi), and a specific product. On the other 
hand, acetone carboxylase uses acetone, ATP, and CO2 to produce acetoacetate, AMP, and 
Pi, and it is biotin-independent (Chang et al., 2009). ACC, PCC, MCC, and GCC have acyl-
CoA substrates, and therefore they are acyl-CoA carboxylases. 
Domain organization 
Biotin-dependent carboxylases have three main domains: biotin carboxylase (BC), biotin-
carboxyl carrier protein (BCCP), and carboxyl transferase (CT). BCCP is a structural domain 
that contains biotin and acts as a swinging arm between BC and CT domains. BC adds 
bicarbonate to the biotinyl moiety of BCCP, and CT abstracts it as a carboxyl group, which it 
adds to an acceptor (Knowles, 1989) (Figure 1). These domains may be encoded by one or 
more genes, and therefore they may either be part of one protein chain or be associated in a  
 
 
 
 
Figure 1. The reactions catalyzed by the BC, BCCP, and CT domains, illustrated for ACC. 
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quarternary structure of multiple chains. In some cases, more than one copy of the same 
domain is complexed in the same quaternary structure. The last phenomenon will not be 
treated here. 
PYCs are different in structure from acyl-CoA carboxylases, specifically in having a 
structurally unrelated CT (CTPYC) domain and in having their domains arranged in a different 
order (Lombard and Moreira, 2011). Eukaryotal PYC and most bacterial forms are activated 
by acetyl-CoA and have a single chain composed of BC, CTPYC, and BCCP domains, with 
segments of a short fourth domain, in some forms governing tetramerization, on either side of 
the CTPYC domain (Xiang and Tong, 2008) (Figure 2). Archeal and some bacterial forms 
have two different chains, one of the BC domain and the other of the CTPYC and BCCP 
domains (Jitrapakdee et al., 2008). BC and BCCP domains in all biotin-dependent carbon–
carbon bond-forming carboxylases are similar in sequence (Nikolau et al., 2003; Jitrapakdee 
et al., 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Domain arrangements of acyl-CoA carboxylases and pyruvate carboxylases. 
  
57 
111
111 
ACCs from archaea, bacteria, and plant chloroplasts excluding those of true grasses are 
composed of BC and BCCP domains and CT and CT subdomains in different chains 
(Nikolau et al., 2003; Zhang et al., 2003). Eukaryotal ACCs, specifically those from fungi, 
animals, and all plant cytosols plus chloroplasts in grasses, are part of large multifunctional 
single-chain enzymes containing BC, BCCP, and CT domains in the same chain (Nikolau et 
al., 2003; Zhang et al., 2003; Sasaki and Nagano, 2004). They also have another domain 
between the BCCP and CT domains, labeled ACC_central in the Pfam database (Finn et al., 
2010) and to be called the central domain here. It is found only in single-chain ACCs, and no 
tertiary structure has yet been determined for it. 
PCCs, MCCs, and GCCs have the same domains as eukaryotal ACCs less the central 
domain, but they are found in two chains, one of the BC and BCCP domains and the other of 
the CT domain (Toh et al., 1993; Rodríguez and Gramajo, 1999; Nikolau et al., 2003; 
Lombard and Moreira, 2011). In these three different enzymes, the CT domain is the CT 
subdomain, sometimes called the  subunit. 
Domain tertiary structures 
The BC domain of ACCs has three subdomains, A (at its N-terminus), B, and C (at its C-
terminus) (Waldrop et al., 1994), similar to those in other biotin-dependent carboxylases, and 
it has an ATP-grasp fold (Thoden et al., 2000). Eukaryotal BC domains also contain a linker 
segment between their A and B subdomains (Shen et al., 2004). The A and C subdomains 
and the linker are a cylinder, with the B subdomain being a lid at its end (Figure 3a) (Shen et 
al., 2004). The BC active site occurs at the interface between the B subdomain and the 
cylinder (Tong and Harwood, 2006). 
BCCP domains have two sets of four antiparallel -strands of unequal lengths, with a 
biotinyl moiety attached to a lysine side chain on an outer -hairpin turn between two of the 
strands (Figure 3b) (Athappilly and Hendrickson, 1995). 
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Figure 3: Tertiary structures of (a) the BC 
domain from Saccharomyces cerevisiae 
ACC has three subdomains, with the A 
subdomain in blue, the B subdomain in 
green, and the C subdomain in red (1W93) 
; (b) the BCCP domain from Escherichia 
coli ACC (1BDO); (c) the CT domain 
from Mycobacterium tuberculosis PCC 
with the N-terminal subdomain in blue and 
the C-terminal subdomain in yellow 
(2BZR); (d) the CT (light green) and 
CT(cyan) domains from Escherichia coli 
ACC (2F9Y); (e) the CTPYC domain from 
Rhizobium etli PYC (2QF7);  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The single-chain CTβ domain in yeast ACC has N-terminal and C-terminal subdomains. 
(a) 
(b) 
(e) 
(c) (d) 
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Both domains feature central -- superhelices (Zhang et al., 2003) (Figure 3c). Multi-
chain forms of CT and CT domains from Escherichia coli (Figure 3d) and Staphylococcus 
aureus ACCs have a zinc-binding pocket not found in the yeast CT domain (Bilder et al., 
2006). 
The tertiary structure of the complete single-chain form of Rhizobium etli PYC was deter-
mined by St. Maurice et al. (2007). Xiang and Tong (2008) subsequently determined the 
complete structure of single-chain S. aureus PYC and the structure of human PYC less its BC 
domain. Although there are significant differences among them, their CTPYC domains overlap 
(Figure 3e). The short fourth domain, mentioned earlier and found only in single-chain forms 
of PYC, is composed of a long -helix, making up the chain segment to the N-terminal side 
of the CTPYC domain. It resides in a four-stranded antiparallel -sheet that makes up the C-
terminal side segment (St. Maurice et al., 2007; Xiang and Tong, 2008). 
Our work 
Given the sizable differences in the main substrates of PYC and the acyl-CoA carboxy-
lases, as well as in the identities and organizations of the domains of these enzymes, the 
possibility exists of a detailed investigation of their relationships to each other using bioin-
formatics tools only partially employed earlier. 
The EC database containing the carboxylases in EC 6.4.1.1 through EC 6.4.1.8 is 
organized strictly by the reactions catalyzed by its component enzymes (NC-IUBMB, 1992). 
However, in recent years millions of amino acid sequences (primary structures) and at 
present roughly 80,000 three-dimensional (tertiary) structures (Berman et al., 2000) of 
different enzymes have become available, making it possible to organize enzymes in other 
ways than the EC database. We have done this with the ThYme (Thioester-active enzYmes) 
database (Cantu et al., 2011), which includes eight enzyme groups that are part of the fatty 
acid/polyketide synthesis cycle. The four acyl-CoA carboxylases, EC 6.4.1.2 through EC 
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6.4.1.5, comprise one of these enzyme groups, because their substrates have CoA groups 
linked by thioester bonds to the rest of the molecule. 
In ThYme and other databases based on primary and tertiary structures, each enzyme 
group or domain is split into families, the members of each being related by similar primary 
structures, implying that these members are descended from a common ancestral protein. 
Members of different families are generally not related to each other, implying that they have 
different ancestors. Families may be further divided into subfamilies, whose members are 
separated from those of other subfamilies by more subtle but statistically significant differ-
ences in primary structures. 
While constructing the acyl-CoA carboxylase section of ThYme, we compiled all 
available primary and tertiary structures for the seven carboxylases that make up EC 6.4.1.1 
to EC 6.4.1.7 (EC 6.4.1.8 not being present at the time). We then divided the domains of five 
of the carboxylases (very little being known about acetone carboxylase and 2-oxoglutarate 
carboxylase) into families and subfamilies, allowing us to determine how the enzymes are 
structurally related to each other. In this chapter we will present the methods that we used to 
do this, as well as the results that we obtained. 
Computational Methods 
Definition of families 
The methods and software that Cantu et al. (2010) used to organize the thioesterases into 
23 families in ThYme were followed with some modifications. Query sequences of carboxy-
lases were taken from the UniProt database (UniProt Consortium, 2010). The Pfam database 
was used to isolate only the functional domains in the query sequences. 
Carboxylase query sequences were submitted to BLAST (Altschul et al., 1997). The 
resulting output files containing similar sequences were analyzed using multiple sequence 
alignment (MSA) with ClustalW (Larkin et al., 2007) in several different ways to determine 
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whether they were part of one family. A random sample of 15 or more sequences was taken 
from each output file of each domain. Then the sequences were cut using Pfam to obtain only 
one domain each time to perform the MSA. In addition, short sequences and fragments were 
eliminated from each MSA to improve its quality. An MSA of each domain’s sequences was 
performed on every output file individually, and also on all output files together for that 
domain. 
Tertiary structure analyses were performed with PyMOL (www.pymol.org/) to confirm 
the existence of highly conserved tertiary structures among the output files of each domain, 
as recommended by Cantu et al. (2010). Structures of non-mutated domains that had no 
bound ligands were chosen for comparison, as they were closest to being naturally folded. 
Analyses of the BC and BCCP domains were straightforward, but those of the CT domain in 
acyl-CoA carboxylases and the CTPYC domain required more detailed attention, which will 
be discussed in the Results and Discussion section. Different MSAs in combination with 
PyMOL analysis and an exhaustive search in the output files were performed to verify the 
family classification. 
Definition of subfamilies 
Each ACC family (BC, BCCP, CT, and CT) was further divided into subfamilies by 
phylogenetic analysis. MSA was conducted in MUSCLE 3.6 (Edgar et al., 2004) for all the 
sequences in every family excluding fragments. Then the phylogenetic trees were constructed 
in MEGA 5.0 (Tamura et al., 2011). 
First, an unrooted whole tree was produced for all sequences in the CT family, or one 
out of every 15 sequences plus sequences with protein evidence at transcription and protein 
level in the BC, BCCP, and CT families. For the CT family, all 1347 sequences were in-
cluded to produce the whole tree with minimum evolution methods, 250 bootstrap iterations, 
pairwise deletion, and the Jones-Taylor-Thornton (JTT) method (Jones et al., 1992). For the 
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larger BC, BCCP, and CT data sets (5396, 5305, and 5784 sequences, respectively), 
representative sequences were used to produce the trees. Maximum likelihood trees for the 
BC, BCCP, and CT families with partial deletion were produced and other parameters 
remained the same as with the CT family. These parameters were selected to ensure both 
the reliability of the tree and the efficiency of computation. 
Next, the tree was divided into subfamilies by visual inspection based on the whole tree. 
Then the subfamily classification was confirmed by a z-value statistical test (Mertz et al., 
2005), with the z-value is defined below: 
 
 
where subscript i and j denote subfamilies i and j,  denotes the mean of the distance 
between two subfamilies, σ denotes the variance, and n denotes the number of sequences. 
The greater the z-value, the lower the probability that two subfamilies would be consid-
ered the same. A z-value of 3.09 gives a probability of 0.001 that two compared subfamilies 
are not significantly different. Once the subfamily classification was verified, the rooted 
subfamily trees were produced with three out-group sequences as roots from the subfamily 
with the highest z-value. Furthermore, the subfamily trees were generated with 1000 boot-
strap iterations, other parameters being the same as before. 
Results and Discussion 
BLAST results 
Thirty-eight query sequences of carboxylases from EC 6.4.1.1 through EC 6.4.1.4 with 
evidence at protein level were gathered from UniProt. Ten were of PYCs, 18 were of ACCs, 
six were of PCCs, and four were of MCCs. No sequences with evidence at protein level came 
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from GCCs or from either acetone carboxylases or 2-oxoglutarate carboxylases. These 38 
query sequences were submitted to BLAST, and they yielded the nine different domains and 
subdomains found in the Pfam database (Table 2). Based on literature sources and Pfam 
domain descriptions, more descriptive names are assigned to them in Table 2. 
BLAST found no primary or tertiary structures associated with acetone carboxylases, and 
it found very few structures of GCCs and 2-oxoglutarate carboxylases (Table 3). In fact, so 
few sequences of the last were found that any conclusions based on them would be very 
tentative. Therefore only PYCs, ACCs, PCCs, MCCs, and GCCS will be further treated here. 
Primary and tertiary structures of carbamoyl phosphate synthetase (EC 6.3.5.5) and trans-
carboxylase (EC 2.1.3.1) were found in the BC and CT output files, respectively. More spec-
ifically, a carbamoyl phosphate synthetase domain is composed of different arrangements of 
the A, B, and C subunits of the BC domain. Nevertheless, they were not included in this 
study in order to limit the scope only to acyl-CoA carboxylases and pyruvate carboxylase. 
Acyl-CoA carboxylase families 
BLAST runs using query sequences taken from individual domains sometimes produced 
more than one output file representing highly conserved primary structures. Table 2 gives the 
number of query sequences and output files for each domain and subdomain. Usually 1000 or 
more unique primary structures occurred in each output file. MSAs and tertiary structure 
comparisons were conducted on representatives of the nine domains and subdomains that 
were produced by BLAST. They showed that within a Pfam domain or subdomain, primary 
and tertiary structures in all output file entries are closely related. This indicates that each of 
these Pfam domains or subdomains consists of a single family, perhaps descended from a 
single ancestor. Furthermore, all domains and subdomains described in the literature were 
found by using BLAST, as was the central domain, which is essentially unmentioned in the 
literature. 
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All acyl-CoA carboxylase sequences can be found in the ThYme database. There is one 
BC family (BC1), one BCCP family (BCCP1), and two CT families, CT1 incorporating CT 
and CT2 covering CT. CT1 domains are all found in ACCs, while CT2 family members are 
found in various enzymes including ACCs, PCCs, MCCs, and GCCs. 
PYCs are beyond the scope of the ThYme database because their substrates lack thioester 
bonds. Thus, the CTPYC domain is not included in ThYme. Nevertheless, due to the similarity 
of the BC and BCCP domains in PYCs to those in the acyl-CoA carboxylases, PYC sequen-
ces still appear in the BC1 and BCCP1 families in ThYme. 
Comparison of CT domain structures 
Although the tertiary structures of the BC, BCCP, and CT domains are highly conserved 
(Figure 3), the tertiary structures of CT are in a different case. There are three types of CT 
tertiary structures (Figure 4). Type I structures are two ACCs (2F9Y and 2F9I), which have 
two unique chains for both enzymes. One chain (Chain B of 2F9Y and 2F9I) corresponds to 
the CT domain and the other chain (Chain A of 2F9Y and 2F9I) is the CT domain. Also, 
they are the only two available structures for CT. 
Type II structures are 1PIX, 3GF7, and 3U9R. Type III structures include the remaining 
unique tertiary structures in CT1 of ThYme (Table 4), at the time of writing. Type II and 
Type III enzymes cannot be superimposed for the whole structure. However, there are some 
interesting and unexpected findings. The Type II and Type III N-terminal parts, about 1–280 
residues, overlap very well. Furthermore, they are also similar to the Type I structure of CT, 
with an RMSD of 1.78 Å and a Pavg of 79.9% (Figure 5a). On the other hand, the C-terminal 
parts of Type II and Type III structures and the CT of Type I structures are highly con-
served, with an RMSD of 1.72 Å and a Pavg of 79.7% (Figure 5b). 
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Figure 4. (a) Tertiary structures of the CTdomain. Type I structure 2F9Y-B (cyan), 
Type II structure 1PIX (green), and Type III structure 1XNV (yellow). (b) The 
CTchain of Type I structure 2F9Y-A was added to Figure 4a. 
 
  
 
(a) 
(b) 
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Figure 5. Comparison of CT domains in three types of structures. (a) 2F9Y-B (cyan) 
superimposed with N-terminal parts of 1PIX (green) and IXNV (yellow), with an 
RMSD of 1.78 Å and a Pavg of 79.9%. (b) The Type I CTdomain 2F9Y-A (in cyan) 
superimposed with parts of Type II and Type III CTdomains, C-terminal parts of 
1PIX (green) and IXNV (yellow), with an RMSD of 1.72 Å and a Pavg of 79.7%. 
The secondary structure analysis (Table 5) also supports this conclusion. Type II and 
Type III structures share similar secondary structures, while Type I CT and CT domains 
could also align to the C-terminal and N-terminal parts of Type II or Type III structures, 
respectively. Another observation is that the secondary structures of the N- and C-terminal 
also are somewhat similar. 
The structural analysis here indicates that only CTs of ACCs have two functional 
domains: CT and CT, which are different in both primary and tertiary structures. The CT 
domain cannot be found in other acyl-CoA carboxylases, based on their primary structure 
similarities. PCCs, MCCs, and GCCs only have CT domains. This differs from the argu-
(a) (b) 
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ment that all acyl-CoA carboxylases have CT and CT domains (Nikolau et al., 2003; Lom-
bard and Moreira, 2011). Besides, CT domains for ACCs are shorter than their counterparts 
in other acyl-CoA carboxylases. Their tertiary structure overlaps with the N-terminal part of 
the CT domains of PCCs, MCCs, and GCCs. Furthermore, the C-terminal part of the CT 
domains of PCCs, MCCs, and GCCs could be superimposed to the CT domains of ACCs, 
but their primary structures are not similar. 
Active sites and mechanisms 
Waldrop in the 1990s proposed the “swinging arm” model for BCCP to swing between 
BC and CT domains, in order to assist the two-step reaction. The active sites of BC and CT 
domains in PCCs and MCCs are separated by 55 Å and 80 Å, respectively (Huang et al., 
2010, 2012). These crystal structures showing the long distance between the active sites in 
BC and CT domain support this theory. 
The multi-chain form of the CT domain in bacterial ACCs consists of CT and CT 
chains. The active sites of them are in the interface of the  dimers (Bilder et al., 2006). The 
single-chain form of the CT domain except in eukaryotic ACCs is only the CT domain, or 
the  subunit. And the corresponding  subunit refers to the gene containing BC and BCCP. 
The holoenzymes of PCC and MCC are in a 66 architecture. The active sites of the CT 
domain are in the dimer interface of two  subunits, between the N-terminal part of one  
subunit and the C-terminal part of another  subunit (Zhang et al., 2003; Huang et al., 2011, 
2012). 
Biotin carboxylase domain subfamilies 
A total of 486 representative BC sequences were used to produce the phylogenetic tree. 
One out of every 15 sequences from all 5396 BC sequences, plus sequences with evidence of 
protein level and transcription level from UniProt, formed the representative sequences. 
Using the parameters mentioned in the Computational Methods section, the tree was gener-
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ated by MEGA 5.05, and subfamilies were statistically verified by the z-value test. All z-
values between any two subfamilies were over the z = 3.09 threshold (Table A1, Appendix). 
Based on these methods, family BC was divided into eight subfamilies of 25 to 110 
sequences after sampling (Table 6, Figure 6). Among them, three sequences are outliers that 
are not part of any subfamily. Bacteria are the dominant producing organisms of BCs. Eukar-
yota are second, and archaea produce the fewest BCs. Bacterial members appear in seven 
subfamilies out of eight, and Subfamily F and G sequences are all from bacteria. Eukaryotal 
sequences appear in six subfamilies, and Subfamily H members are all from eukaryota. 
Archaeal sequences appear only in Subfamily D. 
 
Figure 6. BC phylogenetic tree. 
One or two particular BCs dominate each subfamily (Table 6). Subfamilies A, D, and F 
are mainly ACC BC units. Most PCC BCs are found in Subfamily B. Subfamily C has a 
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majority of MCC BCs. PYC BCs are the dominant ones in Subfamily E. 
Biotin carboxyl carrier protein domain subfamilies 
As with the BC tree, representative BCCP sequences, one out of every 15 sequences plus 
sequences with evidence at protein and transcription level, were selected to produce the tree. 
A total of 461 BCCP sequences were separated into four subfamilies (Table 7, Figure 7). The 
z-values for all but one of them are greater than the z = 3.09 threshold, with the z-value 
between subfamilies A and C being 1.87 (Table A2, Appendix). This means the probability 
that subfamilies A and C are not truly independent of each other is 0.03. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. BCCP phylogenetic tree. 
Most subfamily B and D BCCP sequences are associated with ACCs, whereas enzymes 
binding BCCP members of subfamilies A and C could accept more substrates (Table 7). 
Subfamily A BCCPs belong to PCCs and PYCs. Subfamily C sequences are part of ACCs, 
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MCCs, PYCs, and GCCs. 
Eukaryota produce BCCPs in all four subfamilies, and they are the only producer of sub-
family D sequences. Bacteria are the dominant producing organisms of subfamilies A, B, and 
C, while some members of subfamilies A and C are also from archaea. 
CTα domain subfamilies 
All available 1347 CT sequences were included to produce the minimum evolution tree. 
The CT family was further divided into ten subfamilies with 68 outliers (Table 8, Figure 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. CTphylogenetic tree. 
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It is noteworthy that all members of these ten subfamilies have the common general 
function: they are ACC CTs. All z-values between the subfamilies except that between 
subfamilies C and J exceed the critical value of 3.09, signifying except in that case that the 
probability that any two are related to each other is less than 0.001. The probability that 
subfamilies C and J are independent of each other is 0.998. 
Bacteria are the exclusive producer of members of nine subfamilies out of ten (Table 8). 
The remaining subfamily F sequences are from both bacteria and eukaryota. Proteobacteria 
and Firmicutes are the two main producing phyla among the ten subfamilies. 
CT domain subfamilies 
A total of 560 CT sequences were selected as representative ones to produce the CT 
phylogenetic tree (Figure 9), using the same criteria as with the BC and BCCP trees. As the 
maximum likelihood tree suggested and as the z-value test verified, the CT family was 
divided into six subfamilies. All z-values, except for three cases, are much greater than the z 
= 3.09 threshold (Table A4), which means most subfamilies are undoubtedly independent of 
each other. However, the z-values between subfamilies A and C, B and C, and E and F and 
are 2.70, 2.31, and 2.81, respectively, which indicates that the probabilities that these three 
subfamily pairs are related are 0.003, 0.01, and 0.002, respectively. 
Bacteria are the most prevalent producers of four out of the six subfamilies, where Pro-
teobacteria and Firmicutes are the prevailing producing phyla (Table 9). Eukaryota are the 
dominant producers of the other two subfamilies, where Chordata and Streptophyta are the 
main phyla. Subfamilies A, B, and E have sequences that are part of PCCs. Subfamilies D, E, 
and F sequences generally occur as ACC CT subunits. Furthermore, MCC and GCC CT 
subunits exist in subfamilies B and C. 
The three types of CT structures could be found in different subfamilies on the tree 
(Table 4). Type I CT’s are in Subfamily F, Subfamilies B and C only have type II structures, 
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and Type III structures are in Subfamilies A and D. Subfamily E does not contain any tertiary 
structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. CTβ phylogenetic tree 
Conclusion 
Three functional domains of acyl-CoA carboxylases and pyruvate carboxylases, BC, 
BCCP, and CT, were isolated and separated into different families: BC1, BCCP1, CT1, and 
CT2. The way in which the domains are organized was also studied. For each family, phylo-
genetic analysis was conducted to classify subfamilies. This information should provide a 
guideline to researchers for finding their sequences of interest. 
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Table 1. Reactions catalyzed by EC 6.4.1 carboxylases. 
 ________________________________________________________________________________________________________ 
EC number Enzyme name Principal reaction catalyzed 
 ________________________________________________________________________________________________________ 
EC 6.4.1.1 Pyruvate carboxylase Pyruvate + ATP + HCO3
–
  oxaloacetate + ADP + Pi 
EC 6.4.1.2 Acetyl-CoA carboxylase Acetyl-CoA + ATP + HCO3
–
  malonyl-CoA + ADP + Pi 
EC 6.4.1.3 Propionyl-CoA carboxylase Propionyl-CoA + ATP + HCO3
–
  (S)-methylmalonyl-CoA + ADP + Pi 
EC 6.4.1.4 3-Methylcrotonoyl-CoA carboxylase 3-Methylcrotonoyl-CoA + ATP + HCO3
–
  3-methylglutaconyl-CoA + 
  ADP + Pi 
EC 6.4.1.5 Geranoyl-CoA carboxylase Geranoyl-CoA + ATP + HCO3
–
  3-(4-methylpent-3-en-1-yl)pent-2- 
  enedioyl-CoA + ADP + Pi 
EC 6.4.1.6 Acetone carboxylase Acetone + ATP + CO2 + 2H2O  acetoacetate + AMP + 2Pi 
EC 6.4.1.7 2-Oxoglutarate carboxylase 2-Oxoglutarate + ATP + HCO3
–
  oxalosuccinate + ADP + Pi 
EC 6.4.1.8 Acetophenone carboxylase Acetophenone + 2ATP + HCO3
– 
+ H2O + H
+
   3-oxo-3-phenylpropan- 
  oate + 2ADP + 2Pi 
 ________________________________________________________________________________________________________
















7
7
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Table 2. Pfam domains and subdomains found among the biotin-containing carboxylases. 
 __________________________________________________________________________ 
Pfam domain Common name Domain function Average Query
 
Output
  length sequences
a
  files 
 __________________________________________________________________________ 
CPSase_L_chain BC subdomain A N-terminal BC 116 24 2 
CPSase_L_D2 BC subdomain B Central BC (lid) 203 24 1 
Biotin_carb_C BC subdomain C C-terminal BC 107 24 2 
Biotin_lipoyl BCCP Biotin carrier 66 22 4 
ACC_central Central Unknown 730 8 1 
Carboxyl_trans CT CT CoA-activated 447 15 3 
ACCA CT CT subdomain  144 5 1 
HMGL-like CTPYC (1) CT (HGML-like) 249 8 1 
PYC_OADA CTPYC (2) CT (-OAD-like) 205 8 1 
 __________________________________________________________________________ 
a
 Number of query sequences having this domain among the original 38 query sequences. 
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Table 3. Number of domain sequences in different carboxylases found by 
BLAST. 
 _______________________________________________________________ 
Structure 6.4.1.1 6.4.1.2 6.4.1.3 6.4.1.4 6.4.1.5 6.4.1.7 
 _______________________________________________________________ 
BC subdomain A √ a √ √ √ 3 1 
BC subdomain B √ √ √ √ 3 1 
BC subdomain C √ √ √ √ 4 1 
BCCP √ √ √ √ 9 3 
Central 0 √ 1 0 0 0 
CT √ √ √ √ 4 1 
CT 1 √ 0 0 0 0 
CTPYC (Part 1) √ 12 3 0 0 1 
CTPYC (Part 2) √ 8 1 0 0 1 
 _______________________________________________________________ 
a
 Large numbers of entries. 
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Table 4. Tertiary structures of CT subfamilies. 
 __________________________________________________________________________ 
Subfamily PDB Structural Enzyme function Producing 
  type  organism 
 __________________________________________________________________________ 
CT-A 1VRG III Propinoyl-CoA carboxylase, beta subunit B 
 1X0U III Putative propinoyl-CoA carboxylase, CT subunit A 
 3MFM III Acyl-CoA carboxylase B 
 3N6R III Propinoyl-CoA carboxylase B 
CT-B 3U9R II Methylcrotonyl-CoA carboxylase, β subunit B 
CT-C 1PIX II Glutaconyl-CoA decarboxylase, CT subunit B 
 3GF7 II Glutaconyl-CoA decarboxylase, CT subunit B 
CT-D 1OD2 III Acetyl-CoA carboxylase, CT domain E 
 2BZR III Acyl-CoA carboxylase, β subunit B 
 2X24 III Acetyl-CoA carboxylase E 
 3FF6 III Acetyl-CoA carboxylase E 
CT-F 2F9Y I Acetyl-CoA carboxylase, CT subunit B 
 2F9I I Acetyl-CoA carboxylase, CT subunit B 
 __________________________________________________________________________ 
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Table 5. Secondary structure elements of three types of CT. 
 ______________________________________________________________________________________ 
Type PDB Secondary structural element 
 ______________________________________________________________________________________ 
I 2F9Y-A             –        –  – 
I 2F9Y-B    –       –           
II 1PIX                 –     –                    
III 2BZR –          –                    –          – 
 ______________________________________________________________________________________ 8
1
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Table 6. Producing organisms, general functions, and dominant phyla for BC subfamilies. 
 ________________________________________________________________________________________________________ 
Subfamily Producing General function Dominant phyla 
 organism 
 ________________________________________________________________________________________________________ 
BC-A B, E Acetyl-CoA carboxylase biotin carboxylase Proteobacteria 
BC-B B, E Propionyl-CoA carboxylase alpha chain Chordata, Proteobacteria 
BC-C B, E Methylcrotonoyl-CoA carboxylase subunit alpha Ascomycota, Chordata, Arthropoda, Streptophyta 
BC-D A, B, E Acetyl-CoA carboxylase biotin carboxylase Ascomycota, Chordata, Proteobacteria, Streptophyta 
BC-E B, E Pyruvate carboxylase Ascomycota, Chordata, Firmicutes 
BC-F B Acetyl-CoA carboxylase   Actinobacteria 
BC-G B Acetyl-CoA carboxylase biotin carboxylase Firmicutes 
BC-H E Acetyl-CoA carboxylase Ascomycota, Chordata, Streptophyta 
 ________________________________________________________________________________________________________ 
A: archaea; B: bacteria; E: eukaryota. Most prevalent producers bolded.  
8
2
 
  
111
111 
Table 7. Producing organisms, general functions, and dominant phyla for BCCP subfamilies. 
 _______________________________________________________________________________________________________ 
Subfamily Producing General function Dominant phyla 
 organism 
 ________________________________________________________________________________________________________ 
BCCP-A A, B, E Propionyl-CoA carboxylase, pyruvate carboxylase, Proteobacteria, Chordata, Actinobacteria 
  pyruvate dehydrogenase 
BCCP-B B, E Acetyl-CoA carboxylase Proteobacteria, Firmicutes, Streptophyta 
BCCP-C A, B, E Acetyl-CoA carboxylase, glutaconyl-CoA decarboxylase, Firmicutes, Actinobacteria, Chordata, 
  methylcrotonoyl-CoA carboxylase, pyruvate carboxylase Proteobacteria, Arthropoda 
BCCP-D E Acetyl-CoA carboxylase Chordata, Streptophyta, Ascomycota 
 ________________________________________________________________________________________________________ 
A: archaea; B: bacteria; E: eukaryota. Most prevalent producers bolded. 
8
3
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Table 8. Producing organism and dominant phyla for CTα subfamilies. All have acetyl-CoA CTα function. 
 _______________________________________________________________________________ 
Subfamily Producing Dominant phyla 
 organism 
 _______________________________________________________________________________ 
CTα-A B Proteobacteria 
CTα-B B Proteobacteria 
CTα-C B Firmicutes 
CTα-D B Firmicutes 
CTα-E B Proteobacteria 
CTα-F B, E Cyanobacteria, Firmicutes, Proteobacteria, Streptophyta 
CTα-G B Firmicutes, Proteobacteria 
CTα-H B Bacteroidetes, Chlamydiae, Firmicutes 
CTα-I B Proteobacteria 
CTα-J B Firmicutes, Proteobacteria 
 ________________________________________________________________________________ 
A: archaea; B: bacteria; E: eukaryota. Most prevalent producers bolded. 
8
4
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Table 9. Producing organisms, general functions, and dominant phyla for CT subfamilies. 
________________________________________________________________________________________________________ 
Subfamily Producing General function Dominant phyla 
 organism 
 ________________________________________________________________________________________________________ 
CT-A A, B, E Propionyl-CoA carboxylase, acetyl-CoA carboxylase Actinobacteria, Firmicutes, Chordata 
CT-B B, E Methylcrotonoyl-CoA carboxylase, propionyl-CoA carboxylase Proteobacteria, Chordata 
CT-C A, B, E Propionyl-CoA carboxylase, glutaconyl-CoA decarboxylase,  Bacteroidetes, Firmicutes, Proteobacteria 
  methylcrotonoyl-CoA decarboxylase 
CT-D B, E Acetyl-CoA carboxylase Chordata, Streptophyta  
CT-E B, E Acetyl-CoA carboxylase Streptophyta 
CT-F B, E Acetyl-CoA carboxylase Proteobacteria, Firmicutes, Streptophyta 
_________________________________________________________________________________________________________ 
 A: archaea; B: bacteria; E: eukaryota. Most prevalent producers bold 
 8
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Appendix 
Table A1. Mean JTT distances and z-values (italicized) within and between BC subfamilies. 
 ________________________________________________________________________________________________________ 
Subfamilies A B C D E F G H 
 ________________________________________________________________________________________________________ 
BC-A 0.82 ± 0.23
 a 
 — 
BC-B 1.24 ± 0.17 0.68 ± 0.30 
 9.00 — 
BC-C 1.34 ± 0.17 1.12 ± 0.12 0.80 ± 0.28 
 12.12 6.28 — 
BC-D 1.22 ± 0.27 1.19 ± 0.16 1.21 ± 0.17 1.18 ± 0.28 
 4.53 4.18 4.19 — 
BC-E 1.21 ± 0.14 1.32 ± 0.14 1.40 ± 0.14 1.32 ± 0.22 0.71 ± 0.28 
 11.85 11.01 13.94 7.51 — 
BC-F 1.11 ± 0.15 1.33 ± 0.17 1.31 ± 0.17 1.29 ± 0.24 1.30 ± 0.17 0.79 ± 0.27 
 4.95 7.86 7.64 4.24 8.66 — 
 ________________________________________________________________________________________________________ 
 8
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Table A1 (continued) 
 ________________________________________________________________________________________________________ 
Subfamilies A B C D E F G H 
 ________________________________________________________________________________________________________ 
BC-G 0.95 ± 0.16 1.24 ± 0.14 1.22 ± 0.13 1.18 ± 0.20 1.21 ± 0.12 1.18 ± 0.15 0.75 ± 0.21 
 3.26 7.91 7.81 3.59 9.17 5.68 — 
BC-H 1.79 ± 0.20 2.02 ± 0.23 1.85 ± 0.19 1.92 ± 0.22 1.83 ± 0.24 1.95 ± 0.24 1.73 ± 0.24 0.53 ± 0.33 
 23.49 21.59 21.51 18.57 23.37 18.11 17.31 — 
 _______________________________________________________________________________________________________ 
a
 Standard deviation. 
 
 8
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Table A2. Mean JTT distances and z-values (italicized) within and between 
BCCP subfamilies. 
 _____________________________________________________________ 
Subfamilies A B C D 
_____________________________________________________________  
BCCP-A 1.03 ± 0.29
a 
 — 
BCCP-B 1.48 ± 0.32 0.79 ± 0.35 
 10.42 — 
BCCP-C 1.17 ± 0.24  1.48 ± 0.41 1.17 ± 0.31 
 1.87 9.79 — 
BCCP-D 1.79 ± 0.30 2.24 ± 0.40   1.88 ± 0.33 0.83 ± 0.48 
 11.39 17.01 12.39 — 
 _____________________________________________________________ 
a
 Standard deviation. 
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Table A3. Mean JTT distances and z-values (italicized) within and between CTα families. 
 __________________________________________________________________________________________________________________ 
Subfamily A B C D E F G H I J 
 __________________________________________________________________________________________________________________ 
CTα-A 0.31±0.15
a 
 — 
CTα-B 0.47±0.07 0.41±0.18 
 4.92 — 
CTα-C 0.84±0.17 0.84±0.16 0.69±0.24 
 11.51 8.47 — 
CTα-D 0.77±0.09 0.77±0.10 0.63±0.16 0.35±0.17 
 20.81 14.29 3.52 — 
CTα-E 0.53±0.07 0.52±0.08 0.81±0.16 0.70±0.07 0.31±0.12 
 13.32 6.61 10.63 17.71 — 
CTα-F 0.86±0.14 0.85±0.12 0.88±0.19 0.81±0.12 0.81±0.11 0.72±0.28 
 13.13 9.07 4.63 9.59 11.53 — 
 __________________________________________________________________________________________________________________ 
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Table A3 (continued) 
 __________________________________________________________________________________________________________________ 
Subfamily A B C D E F G H I J 
 __________________________________________________________________________________________________________________ 
CTα-G 0.88±0.17 0.86±0.17 0.87±0.22 0.81±0.21 0.89±0.16 0.99±0.18 0.77±0.33 
 10.55 7.38 3.47 7.07 10.95 6.22 — 
CTα-H 0.88±0.13 0.86±0.13 0.91±0.18 0.84±0.11 0.82±0.11 0.92±0.13 0.97±0.15 0.76±0.23 
 12.45 8.39 4.94 9.54 10.44 5.13 5.45 — 
CTα-I 0.85±0.14 0.85±0.13 0.99±0.19  0.92±0.14 0.79±0.13 1.01±0.16 1.11±0.18 1.00±0.15 0.75±0.27 
 13.99 9.47 8.19 14.23 11.45 9.19 10.08 8.10 — 
CTα-J 1.22±0.36 1.19±0.33 1.15±0.39 1.10±0.40 1.19±0.34 1.26±0.34 1.23±0.43 1.31±0.32 1.33±0.32 1.19±0.34 
 7.38 5.81 2.94 4.94 6.72 4.56 3.43 4.94 5.54 — 
 ___________________________________________________________________________________________________________________ 
a
 Standard deviation. 
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Table A4. Mean JTT distances and z-values (italicized) within and between CTβ families. 
__________________________________________________________________________________________ 
Subfamilies A B C D E F 
 __________________________________________________________________________________________ 
CTβ -A 0.77 ± 0.38
 a
 
 — 
CTβ -B 1.51 ± 0.22 0.65 ± 0.48 
 11.65 — 
CTβ -C 1.83 ± 0.56 1.73 ± 0.71 1.95 ± 1.01 
 2.70 2.31 — 
CTβ -D 2.27 ± 0.41 2.47 ± 0.34 2.75 ± 0.91 1.52 ± 1.34 
 8.28 9.72 4.60 — 
CTβ -E 2.83 ± 0.24 2.79 ± 0.32 2.93 ± 0.36 3.08 ± 0.56 0.27 ± 0.11 
 52.72 34.56 10.85 15.87 — 
CTβ -F 2.83 ± 0.34 3.05 ± 0.35 3.20 ± 0.85 3.14 ± 0.76 1.02 ± 0.73 1.18 ± 1.03 
 19.20 19.90 8.42 11.02 2.81 — 
__________________________________________________________________________________________ 
a
 Standard deviation. 
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Chapter 5: Conclusions and Future Work 
The work presented here focuses on the classification of enzymes involved in the fatty acid and 
polyketide biosynthesis systems. We created protocols to identify families and subfamilies by their 
primary and tertiary structures. An automated BLAST script was written to identify potential 
families. Then, multiple sequence alignment by MUSCLE verified the primary structure similarity. 
Tertiary structure superposition was done through MultiProt, PyMol, and MATLAB. After the 
family classification was verified, phylogenetic analysis was conducted by MEGA to identify 
subfamilies. Their arrangement was then verified by the statistical z-value test to confirm the results. 
A new database, ThYme, was constructed to show the classified enzymes related to the FAS 
and PKS biosynthesis systems, which incorporate eight enzyme groups and one non-catalytic pro-
tein group. At the time of writing, the database has over 250,000 amino acid sequences, including 
1255 PDB entries. 
Ketoacyl synthases (KSs) and acyl-CoA carboxylases (ACCs) were studied in great detail. KSs 
fall into five different families, with their general functions being diverse among families. Because 
the active sites and mechanism should be conserved within each family, the family classification 
helps to deduce these two critical properties for unstudied KS enzymes. KS families are divided 
into 10 to 12 subfamilies based on phylogenetic analysis. KS phylogenetic trees provided a rational 
guide for experimental groups to find target sequences to study. 
ACCs and pyruvate carboxylases are classified separately by three different functional domains: 
biotin carboxylase (BC), biotin carboxyl carrier protein (BCCP), and carboxyl transferase (CT). BC 
and BCCP have one family for each. CT has two families covering CTβ and CTα. The study of 
domain organization shows that it differs by different enzyme groups or by producing organisms. 
Phylogenetic analysis was done on representative sequences of each domain. 
Based on the classification, we find that the tertiary structures, active sites, and mechanisms are 
conserved within each family. This helps to deduce these important properties for sequences that 
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have not been studied deeply within each family. Although substrate specificities are not clearly 
correlated to the family and subfamily classifications, the classifications reveal the detailed 
information about each family, so that it enable researchers to find the uncharacterized families or 
the genes of particular interest. 
The family classification of ACCs and KSs, together with the ThYme database, would lead us 
to more research topics. For instance, active sites and mechanisms of ACCs can be proposed, based 
on all the available tertiary structures. Molecular dynamics can be used to simulate the swinging 
model between the three functional domains of ACCs. Computational quantum chemistry can be 
used to give the insights about the detailed catalytic process of KSs or ACCs. 
 
